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INTRODUCTION

This report consists of six papers presented by ORNL staff members
at the IAEA panel on "The Utilization of Thorium in Power Reactors" held
in Vienna, June 14-18, 1965. All of the papers were originally issued
separately as ORNL-TM reports. However, there have been continued re-
quests by those participating in the panel and others for a wider distri-
bution of the information. For this reason we are now issuing the col-
lection of papers in a form which will make them more readily available.

The report numbers under which the papers were originally issued are
listed for reference in the Table of Contents. Some minor changes and
corrections have been made, but the information remains substantially as

previously presented.



PROPERTIES OF THORIUM, ITS ALLOYS, AND ITS COMPOUNDS

Sigfred Peterson, R. E. Adams, and D. A. Douglas, Jr.

ABSTRACT

Physical and mechanical data pertinent to nuclear
application have been reviewed for thorium, its alloys, and
its ceramic compounds. Thorium-base fuels are superior to
uranium at elevated temperatures. Although thorium oxide
is well characterized, the effec¢t of incorporated uranium
oxide on its properties is very poorly known. Data are
incomplete on thorium carbides, but these compounds are
being actively investigated along with their uranium
substitution products.



INTRODUCTION

Reactor fuels based on thorium or its compounds are important for
fuel economy in advanced converters and breeders. The development of
such fuels requires considerable physical, mechanical, and other data
on potential materials. Our purpose has been to survey the literature
on these materials, report selected data, and indicate the areas where

further data are needed.

THORIUM AND ITS ALIOYS

Although thorium metal has potential application as a nuclear
fuel base, up to now it has been used only as the Core II loading for
the Sodium Reactor Experiment. It has been proposed for some power
reactors, and considerable development on thorium metallurgy and
properties has been carried out. The results of this research have
been summarized in several reviews;l”% the most comprehensive have
covered available data up to the period of about 1958 to 1960. We have
examined some of the more recent data on thorium and its alloys as
an aid in planning additional research directed toward establishing
the feasibility of thorium-fueled reactors.

Physical Properties of Thorium

In many respects the physical and mechanical properties of thorium
campare favorably with those of uranium. The physical properties are
compared in Table 1. The isotropic face-centered cubic crystal structure
of thorium is a significant advantage, since the orthorhombic crystals
of uranium expand unequally in different directions. This anisotropy
is responsible for growth effects and internal stresses that lead to
accelerated swelling when uranium is irradiated in the temperature
range of 400 to 550°C. The phase transformation in uranium effectively
prohibits its operation as a fuel above about 660°C, since fission

gases are released from the lattice during atomic rearrangements that




Table 1. Physical Properties of Thorium and Uranium

Uranium
Pure Thorium (B transformed)
Crystal structure face-centered orthorhombic
cubic
Lowest transformation temperature 1400°C 661°C
Melting point 1750°C 1130°C
Thermal conductivity coefficient,
wem Y °cT?
at 100°C 0.38 0.28
400°¢C 0.42 0.35
650°C 0.45 0.42
Thermal expansion coefficient,
107¢/°C(average)
25-200°C 11.0 15.5%
25-650°C 19
25-1000°C 12.5
Density, g/cm® 11.7 19.0
Elastic constants (25°C)
Modulus of elasticity, psi 10.4 x 108 29.3 x 109
Shear modulus, psi 4.1 x 10° 12.0 x 10°
Poisson's ratio 0.27 0.22

*Average values for beta-transformed uranium values for the
three directions are [100], 27.4 x 107¢; [010], 0; [001], 23.2 for
the range O to 300°C.

occur during transformation. The phase transformation of thorium is
at about 1400°C, and it is decreased only slightly by many alloying
elements, as shown by Bannister.’

The thermal conductivity of thorium is about 30% greater than
that of uranium at 100°C and about 8% greater at 650°C. The density
of thorium is significantly less than that of uranium metal.

A selection from Ames Laboratory's® values of the heat capacity
of iodide thorium follows:

Temperature, °C 25 100 200 400 600 800 1000
Heat capacity, cal mole™! °Cc™! 6.56 6.75 6.99 7.49 7.99 8.62 9.54




Darnell and McCollum’ have studied the vapor pressure of thorium in
equilibrium with ThO, and found by extrapolation the following relation

for the vapor pressure of pure metal
log P(atm) = —27,960/T + 5.575.

The predominate vapor species above liquid solutions of ThOz in thorium

was ThO, and its vapor pressure was described as
log P(atm) = —(22,200 * 700)/T + (4.70 + 0.31). -

The solid solubility of ThO. in thorium was 3.5% at 2090°K, and 8.2%
at 2450°K.

Thorium has elastic and mechanical properties at room temperature
somewhat inferior to those of uranium. The mechanical properties of
thorium metal are dependent on impurity and alloy content and on the
textures and cold work developed during fabrication treatments. The
purest thorium, made by decomposition of thorium iodide, has when
annealed tensile strengths of 16,000 to 20,000 psi, yield strengths
from 5000 to 10,000 psi, and considerable ductility. Commercial
thorium, produced by bomb-reduction of thorium fluoride, contains carbon
and other interstitial impurities which strengthen thorium, as shown in
Fig. 1. In the cast or wrought and annealed condition this metal has
good ductility and tensile and yield strengths varying upward from
about 25,000 and 18,000 psi, respectively. Thorium work hardens
rapidly, and tensile strengths are increased 50% and yield strengths
doubled by cold reductions of 50% or less. Ductility 1s reduced by
cold work, but not excessively so. Representative datal are shown in
Table 2.

Thorium metal is readily fabricated by casting, powder metallurgy,
extrusion, rolling, and other methods. Cold worked material starts to
recrystallize and anneal at slightly above 500°C, although temperatures
up to 700°C may be required to ensure complete annealing for slightly

worked material.
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Fig. 1 Effect of Some Interstitial Solutes Normally Found in
Bomb-Reduced Thorium on the Room-Temperature Tensile Properties and
Hardness of Iodide Thorium. (Base metal compositions and metallurgical
treatments: BMI — 0.012% C, 0.080% 0; forged and hot rolled at 700°C,
cold reduced 50%, annealed in argon 2 hr at 850°C. ORNL — 0.015% C,
0.080% 0; arc-melted, cold reduced 85, vacuum annealed 0.5 hr at 650°C.)



Table 2. Typical Properties of Wrought-Annealed and

Cold-Worked Thorium at Room Temperature

Yield
Strength, Reduction
Tensile 0.2% Elong- Gage in
Condition Strength Offset ation Length Area
When Tested (psi) (psi) (%) (in.) (%)
Iodide
Wrought-annealed 17,300 6,900 36 2 62
sheet®
Wrought-annealed 19,700 11,200 b4 1 60
sheet
Bomb-Reduced
Extruged—annealed 30,000 21,700 51 2 74
rod
Extruged-annealed 34,400 27,600 51 2 73
rod
Wrought-annealed 33,700 26,300 55 1.4 69
rod®
Extruged-annealed 38,500 31,900 48 2 69
rod
Wrought-annealed 39,600 30, 300 -- - 52
sheet8&
Cold rolled 37.5 49,000 45,400 20 1.4 61
rod
Cold rolled 25% 58,700 54,800 11 1 39
sheet!
Cold rolled 50% 65,400 61,600 5 1 16
sheetl

aAverage of 4 lots, cold reduced 85%, annealed 0.5 hr at 650°C.
bForged and hot rolled at 700°C, cold rolled 50%, annealed 2 hr

at 850°C.

“Average of 4 lots, 0.05% C, annealed 0.5 hr at 750°C after

extrusion.

dAvera.ge of 4 lots, 0.07% C, annealed 0.5 hr at 750°C after

extrusion.

®Average of 4 lots, 0.06 to 0.085% C, reduced 95 by extrusion,

cold reduced 37.5%, annealed 0.5 hr at 750°C.

fAverage of 4 lots, 0.09% C, annealed 0.5 hr at 750°C after

extrusion.

Forged and hot rolled at 700°C, annealed 1 hr at 750°C, 0.11% C.
hAverage of 3 lots, 0.06 to 0.085% C, reduced 72% by extrusion,

cold rolled 37.5.

i0.11% C, forged and hot rolled at 700°C prior to cold rolling.

O

-



The modulus of elasticityl of thorium is about 10.4 x 10°® psi
at 25°C and it decreases linearly with increasing temperature to about
7 x 108 psi at 500°C. Slightly higher values of 11.6 X 10° psi at
25°C decreasing by 7400 psi/°C to 300°C were more recently reported by
Livesey ® as the result of dynemic measurements. For uranium, values of

27 x 10% at 25°C and 23.4 x 10® at 300°C have been reported.?
Thorium Alloys

Considerable research has been done on alloying thorium to improve
the mechanical properties for use in reactor fuel elements. Many
potential hardeners were found, some of the most effective being C, Zr,
Al, In, Mo, and U. Detailed information on effects of specific elements
and metallurgical factors involved can be found in earlier reviews. 1”3
More recent studies of thorium have been directed toward improvement of
high-temperature properties, and we shall briefly summarize the data
from several recent studies on potential fuel alloy systems.

Solid solution hardening, precipitation hardening, and dispersion
hardening have all been considered for improving high-temperature
properties of thorium. For exploratory studies, hot hardness has been
a frequent method of evaluation, but hot tensile tests and creep tests
have also been used. The results of separate studies are not directly
comparable, probably because of differing impurity constituents in the

base thorium and slightly differing experimental techniques.

Thorium-Uranium Alloys

Uranium is an essential constituent in thorium fuel alloys because
it 1s added to provide a fissionable isotope and because it is a
product of neutron irradiation. The solubility of uranium was reported
by Rough and Bauer? as about 1.8% at 1100°C, 1.1% at 600°C, and 0.7%
at 25°C. Essentially similar results were reported by Murray10 and
Bentle,?! but & maximum solubility limit of 2.7% at 1343°C has been
suggested by Bannister.’ Bentle's results predicted somewhat higher

solubility at 1250°C. Uranium in excess of the solubility limit



exists as free uranium, which at levels in excess of about 15% is
present as a grain boundary network regardless of fabricating techniques
used.!? Below about 15% U, the composition of the alloy and the metal-
lurgical treatments will govern the size and distribution of the uranium
phase, which in turn affect the physical properties and irradiation
performance. High-temperature heat treatment tends to cause agglomer-
ations of uranium and decrease strength.13 Battellel? has studied the
effect of casting and fabricating techniques on hot hardness and creep
strength of alloys containing up to 20% U. Limited data indicated
that Th—5% U had greater creep strength at 600 and 700°C than alloys
containing greater amounts of uranium. Kittel* found superior irradi-
ation performance on alloys containing 156 U or less.

Creep data by Atomics International,® shown in Table 3 for
annealed, swaged, and swaged and thermally cycled Th—9% U, show that
the strengthening effects of mechanical work are retained at 600°C.

Table 3. Creep Data from Th—9% U Tested at 600°C

Stress Strain Rate
Alloy Condition (psi) (%/hr)
Annealed 4000 0.017
Annesaled 4500 0.033
Swaged 6000 0.010
Swaged 7000 0.026
Swaged 8000 0.060
Swaged and 5000 0.0035
thermally cycled
Swaged and 5700 0.0060
thermally cycled
Swaged and 7000 0.017

thermally cycled




Ternary Alloys Containing Uranium
Battelle Memorial Institutel? also investigated high-temperature

mechanical properties of fabricated ternary alloys containing 10% U.
Relative behavior of the alloys was the same at 600 and 700°C. Of the
alloys tested in creep, those containing 0.5 Be, 1.5 Mo, or 2% Nb
had creep strengths appreciably above that of the binary 10% U alloy;
some appeared to be very slightly stronger than the binary Th~5% U
alloy. Alloys containing both 10% U and 10% Zr were somewhat inferior
to the binary 10% U alloy in creep strength but had significantly
higher tensile and yield strengths at both 600 and 700°C. Hot hardness
test results were also reported for cast specimens containing the
various ternary additions to Th—10% U. Alloys containing 10% Zr,

0.1% Be, 0.2 C, and 1.56 Mo were significantly harder than the 10% U
base alloy at 600°C and below.

Cole and Wilkinson,13 of Advanced Technology Laboratories (ATL)
also studied ternary additions to thorium containing 5 or 10% U.
Tensile and stress-rupture strengths of the base alloys at 600 and
800°C could essentially be doubled. Most noticeable improvement was
attained with 2 and 56 Zr, although additions of Nb, Mo, C, Al, and Be
also significently improved strength. §Solid solution hardening and
dispersion hardening were obtained. The mechanical properties were
sensitive to the size and distribution of the uranium-phase particles,
and careful control of melting and heat-treatment procedures was
utilized to achieve optimum structures and properties. Carbon at
levals of 0.2 and 0.25% only slightly improved the properties of the
binary Th-U alloys at 600°C and above but was very effective at 400°C
and below. However, carbon was detrimental in alloys that also con-
tained zirconium.

Of the alloys tested by ATL, superior strengths were obtained for
quenched and aged alloys. Table 4 shows typical results including the
effects of extended aging treatments. The data indicate that overaging
has no detrimental effects. The extended aging treatments did not
significantly alter the microstructure.
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Table 4. Effects of Aging Treatments on the Strength
of Heat Treated Th-U-Zr Alloysa
Ultimate
Tensile Yield
Aging Conditions Strength Strength
Alloy Time (hr) Temperature (°C) (psi) (psi)
Th-5% U—2% Zr 2 850 12,900 11,190
100 800 7,700 7,250
170 850 8,200 7,530
2 850
200 800 8,350 7,585
Th—5 U—5 Zr 2 850 13,230 11,730
100 800 11,800 4,800
170 850 14,115 12,460
2 850
200 800 12,050 10,400
Th-10% U—2% Zr 2 850 9,015 7,870
100 800 10,500 8,900
170 850 8,450 7,725
2 850
200 800 10,550 9,230
Th—10% U-5% Zr 2 850 7,900 7,350
100 800 9,250 7,975 -
170 850 11,150 7,330
2 850 -
200 800 8,000 6,650

STested at 800°C.
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High-Temperature Strengthening
Burka and Hammondl® at ORNL studied the effects of many binary and

some ternary additions to arc-melted thorium and evaluated results by
hot hardness traverses on hot rolled plate. Carbon was found to be
principally effective at below 600°C, although 0.2 C in combination
with Cr, Mo, U, or Be appeared to enhance hot hardness at 600°C. Best
hardening alloy additives at 600 and 750°C were 2 or 4% In and 5% Zr.
The hardness of the various alloys at 600 and 750°C is shown in Table 5.
Indium was less effective as a hardener in alloys prepared by powder
metallurgy.2? Murrayl® has studied the solubility of indium in thorium
and found a eutectic at 8.9% In and 1160°C. The solubility decreased
to 2.5 at 1000°C and 0.85% at 800°C. Indium, of course, is not a
desireble alloying element for thermal reactor fuel.

Burka and Hammond?,2? also investigated the hardening of thorium
by fine particle dispersions of ThOz. The compacts, fabricated by
extrusion of ball milled ThH,; and ThO. powders, showed high strength
and hardness and considerable ductility at 800°C. The experiments also
indicated that control of the oxide and carbon pickup during the milling
was quite difficult.

Compatibility with Cladding Materials

We have not yet surveyed information on the compatibility of
thorium with potential clad materials, but little appears available,
particularly for the temperature range of power reactors. Hanforad2?©
has successfully clad tubular Th—2.5% U—l.O% Zr by coextrusion with
Zircaloy-2 and is now testing the material under irradiation in pressur-
ized water. 2ircaloy-2 and the fuel alloy interdiffuse slightly at
700°C, but the materials are campatible in the operating temperature

range of water-cooled power reactors.
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Table 5. Thorium-Base Alloys in Order of
Decreasing Hardness at 600 and 750°C

600°C 750°C

Alloy Alloy

(wt %) DPH (wt %) DPH
4 In 91 4 In 55
2 In 63 5 Zr 37
10 zr 59 4 In—=5 Zr 34
5 Zr 59 5 vy-0.2 C 33
57Zr-0.2 C 54 2 In 31
20 Zr 54 5 zr-0.2 C 31 N
5v-0.2 C 50 5 U—~0.2 C 26
4 Inm5 Zr 49 20 Zr 25 .
2 In0.2 C 49 10 zr 25
2 Cr—0.2 C 47 8 Nb 25
2 Mo—0.2 C 24 5 7i-0.2 C 24
5 10.2 ¢C 24 5 Ti 23
0.2 A1-0.2 C 43 2 In 0.2 ¢C 23
8 Nb 43 0.2 Be0.2 C 20
0.2 Be—0.2 C 40 5V 20
5 1i—0.2 C 40 2 Cr0.2¢C 20
0.2¢ 38 0.2 A1-0.2 C 20
5 Ti 37 0.4 Al 19
20U 36 0.2 Al 19
0.4 Al 35 20 U 18
8 Cr 35 8 Cr 18
0.2 A1 32 5U 18
5V 32 8 Mo 17
5U 30 2 Mo—0.2 C 17
8 Mo 30 4 Nb 17
0.15 ¢ 29 10U 15 »
2 Nbo—0.2 C 29 4 Mo 15
10U 28 2 Nb 14
4 Mo 27 0.2 Be 14 -
4 Cr 27 0.2¢ 13
4 Nb 26 4 Cr 13
2 Nb 26 2 Mo 13
2 Mo 24 0.15 ¢ 11
0.10 ¢ 23 Thorium 11
Thorium 22 2 Cr 11
2 Cr 21 2 Nb-0.2 C 11
0.2 Be 21 0.10 ¢ 9
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Summary

The data on physical and mechanical properties of thorium metal

suggest that it may have considerable potential as a reactor fuel.

A preliminary analysis of creep data, high-temperature strength, and

hot hardness data suggests that at temperatures above about 500°C
thorium is significantly stronger than uranium. Even at temperatures

of 400 to 550°C, anisotropy causes internal stresses under thermal
cycling or neutron irradiation, which decrease the creep strength of
uranium significantly below that obtained at isothermal conditions in
the absence of irradiation. Since thorium, with its isotropic structure,
may not be subject to such internal stresses, its properties may not

be degraded to the same extent. However, the effect on creep strength
of fission events during irradiation of thorium has yet to be established.

Recent developments with uranium alloy fuels have emphasized the
importance of microstructural control for improving irradiation behavior
of the metal, and data indicate that fine particle dispersions are
most effective in increasing dimensional stability of fuel alloys at
high temperature. Similar methods may be effective with thorium and
should be investigated.

Thorium fueled reactors will likely have greatest economy if
initial uranium concentrations are low and if generated 223U contributes
substantially to the burnup. Thus, long-time operation of the fuel will
be required. Experiments are needed to establish the radiation per-
formance of thorium in which burnup of generated 222U is substantial.

Mechanical property data suggest that thorium fuels may be able
to operate at considerably higher temperatures than uranium. If such
abilities are to be utilized, consideration must be given to compati-
bility of the fuel with potential clad materials.

CERAMIC COMPOUNDS OF THORIUM

Many thorium compounds exist with the high-temperature stability
required for useful ceramic bodies. These include ThBejs3, ThB,;, ThBg,
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ThC, ThCz, ThN and higher nitrides, ThO2, and several phosphides,
silicides, and sulfides. Time does not permit reviewing here the

state of knowledge of the properties of most of these except to say

that for the most part it is incomplete and unverified. The literature
on ceramic compounds of thorium is rampant with guesses, misquotations,
and incomplete qualifications, so the original sources must be traced

for all data. This we have not done for this brief review, but we are
preparing an extensive collection of data on thorium ceramic compounds.z1
Our attention here will emphasize the compounds of most immediate

nuclear application.
Thorium Dioxide

Thorium dioxide is without doubt the best characterized ceramic
compound of thorium. Although this partly stems from its study for
nuclear purposes, a great deal of information exists because of the
non-nuclear usefulness of the material. Since thoria is the highest
melting and the most stable to reduction of all the refractory oxides,
it is a superior crucible material for the melting of reactive metals.
Thoria is generally prepared in powder form by the thermal decomposition
of a purified salt, usually the oxalate. This powder can be consolidated
by usual ceramic fabrication techniques, such as slip casting, pressing
and sintering, or hot pressing. The fabricability and ceramic properties
can often be related to conditions of preparation of the starting salt
and firing. Fabrication, properties, and uses of thoria ceramics have .
recently been reviewed by Hepworth and Rutherford?? and by Ryshkewitch.?23

Thorium dioxide exists up to its melting point as a single cubic
phase with the fluorite crystal structure, isomorphous and completely
miscible with UO2. Unlike U0z, thoria does not dissolve oxygen to a
measurable extent. Therefore it is stable to high temperature in
oxidizing environments. On prolonged heating to 1800 to 1900°C in

vacuum it blackens with loss of oxygen, although the loss is insufficient

to be reflected in chemical analysis or lattice-parameter measurement.
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On reheating in air to 1200 or 1300°C the white color is restored.
When uranium dioxide is incorporated in thoria, the lattice can take
up extra oxygen in proportion to the uranium content.

Table 6 summarizes the more important physical and mechanical
properties of thoria, along with analogous properties of uranium
dioxide taken from the compilation by Belle.?* In some cases the
data are a small selection of what are available. The heat capacity
is known with precision from near absolute zero up to over 900°C, and
other thermodynamic functions have been derived from it.2%,26 1ess
precise data exists?7,28 up to 2400°C. The heat and free energy of
formation are from a compilation®® that extends up to 2000°C, although
it is not based on the best and latest data. The lack of a value for
the heat of fusion illustrates the state of confusion on properties
of thoria. A value of 21.4 kcal/mole has been attributed to Lambertson,
Mueller, and Gunzel.3® These authors needed a value for a theoretical
interpretation of their U02-ThO,; melting point data and guessed it by
taking 3R as the entropy of fusion. Mechanical properties up to 900°C
and higher are given in the compilation by Ryshkewitch23 and elsewvhere,
but these should be taken as examples of particular specimens and not
as values to be expected. The actual values depend on density, porosity,
grain size, and other qualities dependent on fabrication and vary con-
siderably. Preliminary measurements on pure dense specimens prepared
at Oak Ridge National Laboratory>! indicate higher strengths than those
tabulated. Recent data®! on the compressive creep of thoria are given
in Fig. 2. 'Thoria is a high-temperature semiconductor, so its thermal
and, even more so, electrical conductivity depend on fabrication history
and impurity content. The latter property shows quite wide variations.

Although a thorium-base fuel will necessarily contain uranium,
little information exists on the properties of thoria-urania solid
solutions. Physical and mechanical properties are probably in most
cases intermediate between those of the pure components fabricated
similarly. However, this is not true of transport properties such as
thermal conductivity. Kingery*? found lower conductivity for mixed
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Table 6. Important Praperties of Thorium and Uranium Dioxides

Property Value for 'I’hO2 Reference Value for UO2 (Ref, 24)
Crystal Structure Face-centered cubic (C¢:F2 type) Face-centered cubic (Can type)
Spuce group O: Fm3m O: Fmdm
Lattice parameter, A 5.5974 at 26°C 32 5.4704 at 20°C
3 5.6448 at 942°C 5.5246 ot 946°C
Theorstical density, g/cm 10,00 10. 9
Interatomic distances, A
M-M 3.958 3.868
0-0 2.799 2.735
M-0 2.424 2.368
Thermal Properties
Melting point, °C 3300 + 100 30 2760 + 30
Spectrol emissivity, A = 0,65y 0.53 at 300°C t0 0.21 ot 800°C 33 0.416 4 0,026 (noar m.p.)
0.2 to 0.65 at 1300°C depending on 34 0.850 at 727°C
sample history 0.370 ot 1947°C
Thermal conductivity, w em™! o™} 0.103 at 100°C  0.034 at BOO°C 0.105 at 100°C
0,086 ot 200°C 0.03) ar 1000°C 3s 0.0815 ot 200°C
0,060 at 400°C 0,025 at 1200°C 0.0590 at 400°C
0,044 ot 600°C 0.0452 at 600°C
0.0376 ot 800°C
0,0351 at 1000°C
Heat capacity, cal mole™! *C™! 17.060 + 18,06010~4T — 2.516600%12 26 18.45 + 2.431010°0)1 - 2.27206° 12
(298 1o 1200°C)
Debys temperature, °K 200 870°K
< 600°K
(300-600°K)
Cosfficient of linear exponsion, *C~ 6218(10°%) 4 3.56100 )T 0. N2/ 36 10.8 x 1078 (20-926°C)
9.9 x 107 (25-800°C)
10.0 x 107 (400-900°C)
‘ 10.52 x 1076 (26-1000°C)
Vapor pressure, atm 7.64 — 3,440(10 ')/ T (2200-2900°K ) 37 log P=-33,115/T 4,026 log T + 23,111
9.02 - 3,78 (104)/7 (2170-2400°K ) 38
Thermodynamic Properties
Heat of formation, AHgoe, keal/mole 293.2 £ 0.4 29 259.2+0.6
Free energy of formation, —AFm, 279.2 £ 0.65 29 246.6 £ 0.6
kecol/mole
Entropy, 298°K, cal mole”! ’C.l 15,593 2 0,02 25 18,61 0,1
Heat of wblimation, kcal/mole 158,7 £ 2.5, in range 2000-3000°K 37 137.1 £ 1.7 ot 1800°K
Entropy of sublimation, cal mole™ oc”!' 35.3:1.01n range 2000-3000°K 37 36.4 at 1800°K
Mechanical Properties
Elostic Properties 6
Young's madulus, kilobars, psi 1370, 19.8(107) 23 1930, 28.0(|0°)ot room temperoture
1827, 26.5(10%) ot room temperature
1655, 24.0(10%) ot 800°C
Shear modulus, kilobars, pal 990, |4.3(|0‘) at 30°C 39 745, 10,8(109) ot room temperature
390, 5.6(10%) at 1300°C
Poisson's ratio 0.17 0.302 at room temperature
Modulus of rupture, kilobors, psl 0.83, 12,000 40 0.965-1,10, 14,000-16, 000
Compresive strength, kilobars, psi 15, 214,000 23 4,.14-9,65, 60,000-140, 000
Fracture strength, kilobars, psi i, 14,000 ] 0.16-0.37, 2300-3400
Hardness, Knoop 640 (500-g load) 4) 666 & 14
625
Electrical, Magnetic, and Optical Properties
Electrical resistivity, ohm cm 110> IO4 at 1600°C, depending on 2 3Ix IO-4 - IO'6 at room temperature

Index of refraction

somple ond treatment

2,09

about 10~1 at 500°C
about 1071 ot 1000°C
2,35

1.2-2.7
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oxides than for either pure oxide and still lower thermal conductivity
after the specimens had been heated under oxidizing conditions.

Excellent compatibility of thoria with metals reflects its high
thermodynamic stability. It is the most stable solid oxide at high
temperatures, and thus it resists attack by many reactive metals.

Table 7 summarizes results from some tests of compatibility of thoria
with refractory and other metals. Data on compatibility with the usual
reactor structural metals at modest temperatures is lacking, probably
because no incompatibility has been found and because anything compatible
with U0, would be less reactive toward thoria. A further observation3?
was that thoria contained less than 1% W from the crucible after pro-
longed studies of vaporization to 2600°C. One limitation to thoria is

that it is subject to thermal shock.

Table 7. Reactivity of Thoria Toward Metals

Temperature (°C) of Observed Behavior with

Behavior Ref. Be Mo Nb Ni Si Ta Ti W Zr
No reaction on rapid 43 2135 2795 2645
heating to temperature
Reacts on rapid heating 43 2155
Heated 20°C/min and 44
held 15 min at
temperature
No reaction 1400 1800 1600 1800 1400 1600 1600
. 1600
Slight attack 1800 1800 1800 1800
Severe attack 1600
No surface damage 1800 1800 1800 1800 1800
Visible reaction in 45 1900 2200

4 min (although little
reaction to 2300°C)
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Thorium Carbides

Next to thoria, the most prominent thorium ceramic compounds for
nuclear application are the carbides. The monocarbide ThC and the
dicarbide ThC, can both be prepared by a variety of techniques.
Arc-melting of the elements, pressing and sintering of the powdered
elements, and carbon reduction of the oxide are among the frequently
encountered methods. The monocarbide phase apparently is capable of
appreciably less but not greater than the stoichiometric carbon content.
The same is true of the dicarbide, and preparations of it frequently are
hypostoichiometric.

Information on properties of thorium carbides is very scant com-
pared with that on the oxide. Properties of the two carbides are
summarized in Table 8. Comparison with Table 6 points up the many
gaps in our knowledge. Many of these gaps are probably already being
filled, because of the growing interest in these materials. For example,

46-51 relate to the thermodynamic properties.

several new publications
Information on tha compatibility of thorium carbides with other
materials is scarce. This survey has turned up nothing on compati-
bility of pure carbides with metals, although likely the thorium carbides
resemble the uranium carbides in this. The carbides are reactive toward
air and water. Powders have to be handled in inert atmospheres. Various
hydrocarbons result from the reaction of the carbides with water.??s57
In contrast with the oxide, the carbides have been studied princi-
pally mixed with uranium. Complete isomorphous solid solutions exist
between uranium and thorium monocarbides. The binary dicarbide system

is more complex; an equilibrium diagram has been proposed by Hill and

Cavin.’?? The thorium compound is monoclinic but very nearly orthorhombic.

On sufficient heating or substitution with uranium it gradually trans-
forms to body-centered tetragonal. This phase is not completely miscible
with the body-centered tetragonal uranium compound, but the two-phase
region is narrow.

Several thorium compounds, including both carbides, were prepared

by arc-melting with 10 and 20% substitution of uranium for the thorium.’®
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Table 8, Important Properties of Thorium Carbides

'ﬂ\C2 ThC
Property
Vaive Reference Value Reference
Crystal Structure Pssudo-orthorhombic Face-centerad cubic (NaCl)
Lattice parameter, A 10.555
8.223 52 5.344 52
4,201
Theorstical density, g/cm3 9.6 10,61 52
Interatomic distance, A
Th-Th 3.780
c-C 3.780 52
Th-C 2,673
Thermal Properties
Melting point, °C 2655 52
2640 53 2625 52
Specific heot, cal mole.I "C.l 13.55 46
Coefficient of linear expansion, 'C-l 7.29(10-6) for 40-400°C 54
8.80(1078) for 40-1000°C
Thermodynamic Properties
Heat of formation, —Aque, kcal/mole 44,8 56
29.61+4.8 46
Free energy of formation, —AF, 45 - 2.6(]0-3)T 56
kecal/mole, 298-2300°K
Entropy, 298°K, cal mt:'le_l "C-l 19.3 56
16.38 46
Mechanical Properties
Hardness, diamond pyromid, 200-g load 400 l(g/mm2 52 850 kq/mm2 52
Electricol Prpperties
Electrical resistivity, ohm cm, 25°C 30(]0.6) 52 25(10.6) 52
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Table 9 lists several properties measured and Table 10 gives results

of compatibility tests with various materials.

The same authors also

reported weight gains in air graphically for the carbides with 10%

substitution.

Cook et g;.54 measured the thermal expansion over the

range 40 to 1000°C for ThC, and several mixed dicarbides containing up

to 75 U substituted.

Increasing the uranium content or the tempera-

ture increased the thermal expansion; the increase with uranium content

was monotonic except at the two-phase region.

Table 9. Properties of Arc-Melted Thorium-Uranium Carbides
Temperature Value for
Property (°c) Tho.9Uo.1C  Tho.oUo.1C2
Thermal conductivity, 200 0.13 0.20
wem t ecT? 800 0.17 0.25
Thermal expansion, % 0—400 0.24 0.31
0-900 0.64 0.69
Hardness, kg/mm2 25 900 1100
(1 kg load) 1000 260 160
Compressive fracture 25 1.3 x 10° 1.5 x 10°
stress, psi 975 6.8 x 10% 2.3 x 10%
Thermal expansion 40~4.00 7.84 x 1076
coefficient,® °c™? 40~1000 9.31 x 10

8alues for 12.3% UC, taken from Reference 54.
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Table 10. Compatibility Properties of Thorium-Uranium Carbides

Behavior of (a) Tho,9Up.1C, (b) Tho.gUo.2C,
Contact Materials (¢) Tho.oUo.1C2, (&) Tho.gUo.2C2

Al, Zr all four, no reaction in 1000 hr at 540°C

Inconel, type 321 stainless all four, no reaction in 1000 hr at 815°C
steel

Ta, W all four, no reaction in 1000 hr at 1095°C

Nb, Mo all four, no reaction in 1000 hr at 815°C
all four, no reaction in 100 hr at 1095°C
all four, < 0.002 in. penetration in

1000 hr at 1095°C

H20 at 90°C (a), (c), ThC, ThC2 all very poor
Santowax R at 350°C Weight loss in mg cm™2 day™?

(a), 2.0; (c), 0.3; ThC, 0.35; ThC2, 0.5
NeK at 650°C Weight loss in mg cm™2 day™?

(a), 0.045; (c), 0.015

Thorium Nitrides

The thorium nitrides reported are ThN, ThoN3, and ThaN,. The
latter two may not both exist, and their use at high temperatures, if
possible at all, would require high nitrogen pressures. The mononitride
is stable to its melting point of 2790°C in the presence of sufficient
nitrogen; less than 1 atm is needed.’? It has a face-centered cubic
crystal structure (NaCl type) with a lattice parameter of 5.1584 A
and a narrow composition range. The decomposition pressure in atmos-

pheres is given by
log P = 8.086 — 33,244/T + 0.958(10°17)15

It can be prepared by induction melting of thorium under 2 atm N, or

by hot pressing powder from decomposition of ThpN3. With ThC it forms

a complete series of solid solutions.®® Thorium mononitride is more
reactive toward water than UN.61 Otherwise, thorium nitride information

is lacking except for some guessed thermodynamic properties.
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Miscellaneous Thorium Compounds

Thorium forms two borides, ThB; and ThBg. Some available physical
and thermal data®2,63 indicate that the tetraboride is a promising
ceramic material, and a few properties have been reported58 for material
with incorporated uranium. However, the nuclear usefulness of this
material requires separated 1l with silicon and beryllium thorium
forms the potentially useful Th3Siz, ThSi, and ThBei3. The data on
these compounds is quite scanty, but a few properties have been studied

58 Thorium forms several high-

for uranium substitution products.
melting sulfides and an oxysulfide ThOS. Several of these show
promising ceramic properties, but we have not yet completed a survey
of them. The compounds ThS and ThaS3 have received the most attention.
There is no information to indicate that phosphides of thorium would

have nuclear application.
Summary

The data on physical properties of thorium oxide are quite
extensive. The extensive data on mechanical properties is misleading,
however, since these properties depend greatly on the fabrication of
the specimen. Data on diffusion in thoria is completely lacking.
Compatibility with many materials is excellent, either known from
experiment or safely predictable. However, information on thoria con-
taining uranium is very meager. Despite the regular isomorphous
replacement, the disorder introduced precludes prediction of properties
by interpolation between those of the components; the scant data on
thermal conductivity prove this.

In contrast is the situation on the carbides, which are of
interest only for application in nuclear energy. Information on these
compounds is quite scanty, but the rate at which new knowledge is
being reported is quite high. Reflecting the nuclear interest, the
information on mixed carbides with uranium is keeping pace with or
even exceeding that on pure thorium carbides.

The compounds ThBeis, ThBs;, ThN, ThSi, Th3Si, ThS, and Th2S3 have

been partially characterized for ceramlc nuclear use.
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IRRADTATION BEHAVICOR OF THORIUM-URANIUM ALLOYS
AND COMPOUNDS

A, R. Olsen, D. B. Trauger,* W. 0. Harms,
R. E. Adams, and D. A. Douglas

ABSTRACT

Irradiation programs at Oak Ridge National Iaboratory
have been evaluating thorium-base compounds as part of the
overall Thorium Utilization Fuel Cycle Program and in
support of the Advanced Gas-Cooled Reactor Program. Thorium-
base metal fuels are being considered for lower temperature
reactor systems.

Fmphasis in the clad bulk oxide fuel program has been
on the evaluation of the sol-gel derived ThO,-U0, fuels,
and vibratory compaction for fuel rod fabrication. The
objectives of this program and the reported results are
reviewed. Vibratorily compacted, sol-gel ThO,-UO, has the
characteristics of a useful power-reactor fuel. IExperi-
mental rods up to 36 in. in length fabricated in this
manner have compared favorably with vibratorily compacted
rods containing arc-fused Th0,-UO, fuels and with rods con-
taining pressed and sintered ThO,-U0, pellet fuels. Tests
at linear heat ratings between 300 and 400 w/cm have been
examined with burnups in excess of 80,000 de/tonne (Th+U)
with less than 20% fission-gas release. Although the
maximum performance capabilities have not been defined,
rods have been operated at linear heat ratings of 1,000 w/cm
to 22,000 Mwd/tonne (Th+U) burnup, with no evidence of
swelling, or central melting and with fission-gas release
rates less than 30%. Preliminary comparisons with similar
U0, fuel rods indicate that higher power ratings are
required to produce similar microstructural changes in the
ThO,—5% U0, fuels.

Static and sweep capsules have been used in the irradi-
ation tests of thorium-bearing fuels, both carbides and oxides,
for application to high-temperature gas-cooled reactor designs.
Fuel in the form of small particles, coated with pyrolytic
carbon has been irradiated in loose beds and in graphite
matrix elements. Reported data are reviewed, showing that
spherical particles, with multilayer coatings are superior

¥Reactor Division.



and that fission-gas release rates (R/B) for 88Kr of 10~
to 1077 have been achieved in loose bed tests. Coated
particles of (Th,U)C, and (Th,U)0O, compare favorably with
similar UC, and UQ, particles. The oxide particles are
compatible with the intact pyrolytic carbon coatings.

Metallic fuels, particularly thorium-base metal
fuels, are being considered for reactors to supply heat
for desalting water. A review of the limited experi-
ments to date on thorium irradiations indicated that
such isotropic fuels are not subject to the "growth"
phenomena of anisotropic uranium and that they do not
exhibit the "cavitation swelling" reported for uranium
metal fuels in the 400 to 600°C temperature range.
Additional research and development is required to
define the usefulness of thorium-base metallic fuels.

INTRODUCTION

Thorium metal has an isotropic body-centered cubic crystal struc-
ture, higher strength, and a 600°C higher melting point than uranium
which has an anisotropic orthorhombic crystal structure. Thorium di-
oxide crystallizes in the same stable cubic fluorite lattice as
uranium dioxide but has a melting point some 500°C higher and forms a
complete series of solid solutions with uranium dioxide with the same
lattice configuration. The carbides of thorium and uranium are similar
and also form a series of solid solutions. All of these physical facts
indicate the pranise of improved performance for thorium-base fuels
even if one ignores its breeding potential.

Historically, thorium and thorium alloys or compounds have been
studied much less intensively than uranium and its alloys. Only
recently have a number of investigators begun to seriously study the
thorium-base compounds, both oxides and carbides for potential appli- }
cation to power reactors.

The program at Oak Ridge National Iaboratory has emphasized the
sol—gell process for the preparation of thorium-base fuel compounds as
potentially more economical with a denser, more uniform product. Cal-
cined sol-gel thoria-urania fuel has been semiremotely processed and
fabricated into rods by vibratory compaction techniques.2 The sol-gel
material can be processed into truly round, smooth microspheres of theo-

retical density for coated particle applications.?®

O



The data from the irradiation tests reported have shown that thorium-

base fuels, both metallic and ceramic, have the basic characteristics

required for power reactors. Interest has shifted to determining the
maximum performance characteristics to take advantage of the indicated
potentials for higher temperature operation and increased power ratings
with improved stability. This paper will review the data obtained from
different irradiation-test programs on sol-gel and conventionally
processed thorium-base fuels, as metal-clad bulk oxides and as-coated
particles. Finally, there is a section which reviews the available data

on the irradiation characteristics of thorium-base metallic fuels.

BULX OXIDE FUELS OF ThO,-UO»

In support of the Thorium Utilization Fuel Cycle Program a series
of irradiation tests on metal-clad bulk oxide fuels containing intimately
mixed ThO, and U0, was started at the Oak Ridge National Iaboratory in
1961. This program has concentrated on ceramic fuels produced by the
sol-gell process and fabricated into rods by the use of vibratory com-
paction. The initial objectives were to compare the basic nuclear fuel
performance characteristics of this chemically produced ceramic with
those of arc-fused material and the performance of vibratorily compacted
fuel with pressed and sintered pellets. The early tests indicated a
favorable comparison and the objectives have been expanded to include:
1. the effects of sol-gel processing variables,

2. the effects of fuel-rod geometry (diameters and lengths),

3. the determination of the maximum performance characteristics of
vibratorily compacted sol-gel fuels,

4. the potential of mixed progeny sol-gel fuels (i.e., ThO,-Pu0,), ang

5. the effects of semiremote fabrication of vibratorily compacted
ThO,-233U0, sol-gel fuels.?

Table 1 lists the groups of fuel rods, thelr principal objectives, and

their current status.

Most of the tests have been made with noninstrumented rods in the
Materials Test Reactor (MIR), Engineering Test Reactor (ETR), and the
Chalk River National Research Experimental Reactor (NRX). Three tests
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Table 1. Summary of Tharium Fuel Cycle Program Irradiations of Powder-Packed Capsules (Rods) of Type 304 Stainless Steel*

No. of

Density,

Fue! Rod Dimensions, in.

Linear Heat Rating,

Peak Burnup,

Designation Rods Type of Oxide o theor.  Length oD Wall Btu/hr-ft Mwd/tonne metal Status Objective
MTR-1 7 Arc-fused 86 to 87 11 0.312  0.025 40,000 15,000 to 100,000 2 examined; 4 being Provide base-line data to use in comparing sal-gel
Sol-Gel E examined; 1 in pile and arc-fused oxide
MTR-11 2 Sol-Gel § 88 to 89 22 0.312  0.025 62,000 100, 000 In Pile Obtain higher heat rating by increasing enrichment
MTR-111 6 Sol-Gel 35 86 to 89 12 0.438  0.025 85,000 100, 000 In Pile Compare oxide calcining atmospheres and higher
heat ratings obtained by increasing diameter
ETR-1 4 Sol-Gel 35 86 to 89 12 0.438 0.025 > 100, 000 22,000 Being Examined Same as for MTR=1 1|
NRX-1 8 Sol-Gel A 86 to 87 1 0.312 0.025 17,000 16,000 Examined Provide base-line dato
and B
NRX-1 1 4 Sol-Gel C 83 to 86 22 0.312 0.025 22,000 5,000 Examined Study effect of increased length
Arc-fused
NRX-11t 6 Sol-Gel S 88 to 89 39 0.312 0.025 28,000 23,000 Being Examined Study effect of increased length
NRX-111 3 Sol-Gel 74 to 76** n 0.312 0.025 27,000 22,000 Being Examined Study ThOz-F‘uO2 oxide and lower packed density
ThOz-F‘uO2
ORR Loop 3 Sol-Gel 26 84to 85 22 0.460 0.015 52,000 2,100 Examined Study in pressurized water at 260°C and 1750 psi
ORR Poolside 2 Sol-Gel D 85 7 0.625 0.020 35,000 5,000 Examined Measure effective thermal conductivity using a
central thermocouple in Na-K at 315psi, 540 and
705°C
ETR-11 6 BNL-Sol-Gel 90 19 0.499 0.035 ~65,000 30,000 to 100,000 in Pile Study effects of remote fabrication and oxide
. recalcining
ETR-111 6 Sol-Gel ThO2 88 19 0.499 0.035 ~80, 000 10, 000 to 70,000 In Pile Study ThO, blanket material with gradually

increasing heat rating and provide high Pa
low=-fission-gas-product material for
chemical processing

*Except ETR=I1, Il and two of the three ORR loop specimens were Zircaloy clad

**Tamp packed



were conducted in the Oak Ridge Research Reactor (ORR),> one a trefoil

cluster in a pressurized-water loop operating at 250°C and 1750 psi and
the other two were instrumented rods in the Poolside Facility with 538

and 704°C cladding temperatures.

Postirradiation examinations include dimensional analysis for
swelling or bowing, fission-gas release measurements, gamma scanning,
burnup determinations, x-ray diffraction analysis, and metallographic
examinations.

As with any irradiation program, and particularly with one as broad
in scope as this, there are time overlaps in obtaining data to evaluate
the various objectives. The initial scoping studies are complete and
all other portions are being pursued. Many of the earlier tests have
been reported in detail®™® and have shown that sol-gel Th0,-UO, has the

basic performance characteristics for a power reactor fuel.

Effects of High Burnup

The effects of higher burnup on three types of ThO,-UO, fuels have
recently become available. One of the advantages of the ThO, base fuels
is the relatively high breeding ratio. It can be calculated that in an
appropriate thermal flux a thoria fuel containing approximately 1 wt % 233y
will produce essentially constant power to a burnup of approximately
50,000 Mwd/tonne (Th+U). However, in most of our tests a 4 to 5 wt % 23°U
has been used to shorten the time required for significant burnup. Total
depletion of this initial uranium will produce approximately 30,000 de/tonne
but it is necessary to move the test rods periodically to higher flux posi-
tions in order to maintain essentially constant heat ratings. Test rods
from the MIR Group I containing either sol-gel or arc-fused vibratorily
compacted ThO,—4.5% UO, have been examined after burnups in excess of
70,000 Mwd/tonne (Th+U). A drawing of these fuel rods is shown in Fig. 1.

In addition, four rods, containing pressed and sintered pellets of
ThO,—4.5% UO, at burnups between 37,000 and 119,000 Mwd/tonne (Th+U), have

been examined.
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Fig. 1. ThO0,-U0, Fuel Cycle Capsule Design for MIR Group I
Irradiations.

The fabrication details, irradiation histories, and the signifi-
cant postirradiation findings and calculations are presented in Tables 2a,
b, and c. The time average values for the various heat ratings are for
the peak burnup region in each rod calculated from the maximum burnups at
the same location, while the maximum instantaneous values are based on
fuel depletion calculations and flux steps during irradiation and do not
include any changes in flux profile during the various test-reactor cycles.

All of the values for T
c

fkas6
T
O

assume that the surface temperature of the fuel (Ts) is the same as the

temperature calculated for the inside surface of the cladding and that




a
Table 2a. Effects of High Burnup on Th02—U02 Fuels: Description of Irradiation Test Rods

Fuel Rod Dimension

Fuel Rod Type Total Oxide Vibrated
. b - ... C
a Particle D t
Group Number Identification of Oxide Uranium rtie ensity Outside
(wt %) Size (% TD)
Length Diameter wall
(cm) (cm) (cm)
MTR~1I 43-59 U-1 Arc fused 3.96 d 85.7 28.70 0.797 0.0635
43-60 U-2 Arc fused 3.96 d 85.6 28.70 0.797 0.0635
43-61 U-3 Arc fused 3.96 d 85.5 28.70 0.797 0.0635
43-62 U-5 Sol-gel E 3.96 d 87.0 28.70 0.797 0.0635
43-63 Z-5 Sol-gel E 3.96 d 86.2 28.70 0.797 0.0635
43-64 Z-7 Sol-gel E 3.96 d 86.2 28.70 0.797 0. 0635
43-65 Z-8 Sol-gel E 3.96 d 85.5 28.70 0,797 0.C635
MTR 43-39 712 Pressed and sintered 3.92 Pellets 93 11.43 0.795 0.0635
43-40 729 Pressed and sintered 3.92 Pellets 93 11.43 0.795 0.0635
43-41 730 Pressed and sintered 3.92 Pellets 93 11.43 0.795 0.0635
ETR 43-44 645 Pressed and sintered 3.92 Pellets 93 11.43 0.795 0.0635

aClad with type 304 stainless steel with operating cladding temperature at 100°C.
PEnriched in 235y to 93%. _
CBased upon a calculated density depending on composition (approx. 10.04 g/cm3).

dDistribution A: 60 wt % —10 +16 mesh; 15 wt % —70 +140 mesh; 25 wt % —200 mesh.



Table 2b. Effects of High Burnup on ThO;-U0s Fuels: Irradiation History

Exposure
Time Peak Linear Peak Cladding
Average  Reactor Heat Rating Heat Flux
Fuel Rod External Full Power Time Maximum Time Maximum a
Experiment Identification Pressure Days Average Instantaneous Average Instantaneous Maximum Burnup
(psia) (w/cm) (w/cm) (w/cm?) (w/cm?) (Mwd/tonne Th+U) (fissions/cm’)
x 10?0
MTR-I U-1 40 110.2 299 362 120 145 12,300 2.50
U-2 40 376.2 297 388 119 155 42,100 8.56
U-3 40 707.5 267 419 107 168 71,000 14.43
Z-5 40 110.2 341 426 137 172 14,000 2.87
Z-"7 40 375.2 286 347 114 138 40,200 8.23
72-8 40 691.1 311 507 124 202 81, 000 16.46
MTR 712 40 905 420 652 168 261 119,400 26.41
729 40 660 461 185 96,000 24.6
730 40 497 270 108 37,000 10.8
ETR 645 180 406 394 158 50,000 12.8

®Based on 200 Mev/fission.




Table 2c. Effects of High Burnup on ThO,-U0, Fuels: Postirradiation Observations and Calculations

T
c
ﬁzde
T Radial Extent of
© Dimensional Microstructural
Fuel Rod Time Maximum 85kr Changes Changes
Experiment Identification Average Instantaneous Release Average Maximum Equiaxed Grains
(w/cm) (w/cm) (%) (mm ) (mm ) (cm)
MIR-I U-1 33.8 39.8 2.4 +0.025 +0.025
U-2 33.7 41.9 7.2 0.000 -0.051 a
U-3 31.6 bdy 7 6.4 +0.005 +0.013 a
7-5 37.8 by 4 0.5 +0.025 +0.075
-7 32.8 38.4 13.2 ~0.025 —0.037 8 ©
Z-8 34.6 52.7 17.0 +0.015 +0.058 0.1
MTR 712 44,8 65.4 22.8
729 48.2 12.4
730 31.5 c
ETR 645 42.6 c
aSintering boundary not delineated. Teg
bCalculated heat flux for equiaxed grain growth fkd6 = 31.5 w/cm.
T
o

Gas samples diluted with air in sampling and partially lost.
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the thermal conductivity data of Kingery9 apply for
T
S
[ xae
T
o

at temperatures below this surface temperature. Although the reliability
of these assumptions is questionable, as will be seen later in this paper,
they do provide a consistent method of comparison.

The dimensional changes on the MIR-I group indicate no significant
swelling in these highly restraining clads. Preirradiation measurements
were not made on the pellet rods, since they were originally intended .
for chemical processing studies only; however, the postirradiation |
diameters were within the tolerance specifications for the tubing used
as cladding. The fission-gas data indicate a slightly higher release
for the sol-gel material, but there is no evidence of a breakaway
phenomenon. The principal factor in gas release at these heat ratings
seems to be time at temperature, which is consistent with a diffusion
mechanism for gas release.

The macroscopic appearance of the various sections shown in Figs. 2,
3, and 4 shows a remarkable similarity in the appearance of the fuels at
these high burnup levels. Sections of the rods with less burnup are
similar, although the radial position of the more or less circumferential
cracks appear to move outward with increased exposure. The radial loca-
tion of these cracks appears to be associated with the extent of in-pile
sintering or equiaxed grain growth. Since this phenomenon is dependent
on time as well as temperature, the radial extent of such changes would
be expected to increase with higher burnup (i.e., time) at a constant
heat flux. The microstructures on these rods clearly show the time
dependence of such diffusional processes as sintering and grain growth.
Figures 5 and 6 are composite radial micrographs of the arc-fused vibra-
torily compacted rods at various levels of exposure. Figures 7 and 8 are
similar composites of the sol-gel vibratorily compacted rods, while

Figs. 9, 10, 11, and 12 show selected micrographs at various radial

positions for the pressed and sintered pellets.
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In the case of the arc-fused material, the cracks in the original
fuel fragments were first accentuated in the midradius region while the
porosity in the center agglomerated. With continued irradiation, the
cracks apparently healed and a grain structure developed within the fuel
fragments while the pore sizes in the center increased. At 70,000 de/tonne,
14 x 10%2° fissions/cmB, the central region appears to have developed a dense
laminar-like structure with some interparticle sintering and the outer two-
thirds shows a uniform dispersion of fine porosity with a band of larger
pores at the dividing line between the two structures.

The sol-gel fuel fragments in the unirradiated condition are crack
free but do contain uniformly distributed submicroscopic pores. On
irradiation, this porosity first appears to agglomerate and accentuate
the fine-particle size. Continued irradiation develops a distinct grain
structure in the center of the fuel with equiaxed grains 6 to 8 p in size
separated from the balance of the fuel by a circumferentially oriented
crack. At 81,000 Mwd/tonne, 16 x 1020 fissions/cm?, the development of
equiaxed grains is very distinct with a maximum size of 60 p. The cir-
cumferential crack still separates this area from the remainder of the
fuel, but there appears to be some interfragment sintering in the outer
two-thirds and, as with the arc-fused material, a band of moderately
large porosity is found in this area.

With both fuels, after irradiation there is a second white metallic-
appearing phase developed in the central region. Initially, this appears
to be closely associated with porosity but at exposures of 8 X 1020 fissions/cmB,
or 375 reactor full-power days, this phase appears to be randomly distributed
throughout the matrix. A third light-grey phase was also found located in
discrete limited areas of some specimens. Although this phase has not been
definitely identified, the appearance and the association with fine fuel
fragments indicate that it is probably aluminum silicate contamination
from the ball-milling operatioms.

The evolution of structural changes in the pressed and sintered
pellets is not as clearly defined since an equiaxed grain structure exists
before irradiation. As with the other fuels, there i1s an accumulation of

porosity. There is a gradual degradation of the distinct grain structure
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starting at the center and spreading out towards the cladding. The one
exception to this is the one rod exposed in the ETR where the maximum
instantaneous heat flux may have been considerably higher; in this case
the central degradiation is apparent but distinct grain growth is noted
between the midradius and the cladding. All structures show a second
white metallic phase particularly in the central regions. The grey
impurity phase seen in the unirradiated, as well as the irradiated,
structures has been identified by x-ray diffraction as Al,03 and

6 Al,03°Ca0. The effect of these high levels of impurities on the
microstructures is not known.

One rod of vibratorily compacted sol-gel fuel is still under irradi-
ation and will be exposed to a burnup in excess of 100,000 Mwd/tonne (Th+U).
However, from the findings to date it is apparent that there is no sifnifi-
cant difference between the performance of vibratorily compacted sol-gel
and arc-fused Th0,-UO, fuels. Both compare favorably with pressed and
sintered pellet fuels at linear heat ratings between 300 and 400 w/cm
(/a6 34~45 w/cm). 1In addition, the Th0,~5% U0, fuels show no evidence
of breakaway swelling or fission-gas release at burnups as high as
2.6 x 10?* fissions/cm?®, 120,000 Mwd/tonne, where three-fourths of the
fission energy has been derived from the 233U bred into the fuel during
irradiation. According to swelling estimates®® on the pellet rods, the
ThOy—%.5% UO, change in volume was limited to 0.46% AV/102° fissions/cm3.
This is roughly one-half the rate proposed by Anderson® and others for
U0, (0.8 AN/1020 fissions/cm3). X-ray diffraction data on the various
irradiated ThO,-UO, fuels have also tended to confirm the stability of
the cubic fluorite crystal structure lattice and indicate a considerable
capacity for fission products, as can be seen from the negligible changes

in lattice parameters in Table 3.

Effects of High Heat Ratings

Although the high-burnup test rods have shown the usefulness of the
thoria-base fuels at moderate heat ratings comparable to current pressurized
water-power reactors, the full utilization of the sol-gel Th0,-U0, fuels

requires an investigation of the maximum performance characteristics and



Table 3. Effect of Irradiation on Lattice Parameters of ThO,-UO; Fuels

Burnup Unit CellP
Group Rod Fuel Material? (fissions/cm?) Preirradiation Postirradiation
x 1020

MIR-T U-2 Arc-fused 8.6 5.594 + 0.001 5.599 + 0.009
U-3 Arc-fused 14.4 5.594 + 0.001L 5.592 + 0.002
z-7 Sol-gel 8.2 5.593 + 0.00L 5.594 + 0.003
z-8 Sol-gel 16.5 5.593 + 0.00L 5.586 * 0.004

Pellet 645 Pressed and sintered 12.8 5.590 + 0.001 5.590 * 0.002
729 Pressed and sintered 24.6 5.590 + 0.001 5.584 % 0.002
712 Pressed and sintered 26.4 5.590 + 0.001L 5.587 * 0.002

7c

A Th0,—4. 5% U0s, 225U enriched 93%.
bNelson—Riley Function.
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an understanding of the effect of processing variables on these charac-
teristics. The ORR loop and ORR Poolside Experiments were the first
steps in this phase of the investigation. More recently, experiment
groups MTR-IT, MTR-IIT, and ETR-I were prepared and inserted in the
reactor for this purpose. Tables 4a, b and c present the fabrication
characteristics, irradiation histories, and principal postirradiation
findings on the rods examined to date.

The findings on the ORR loop and Poolside experiments have been
reported5_8, and the ETR-I rods are currently being evaluated. This
latter group of three rods was subjected to the highest flux with the
expectation of producing central melting. A common sol-gel Th02—5.7% U0,
preparation was used as fuel in these rods, however, it was calcined in
three different atmospheres: air, A—% H, (the standard atmosphere), and
nitrogen to produce sol-gel batches 35-1, 35-2, and 35-3, respectively.
The postirradiation dimensional analyses have shown no indications of
swelling or bowing. Fission-gas samples and gamma scans were obtained.
Based on the gamma scans, which showed no anomalies, and the structures
found, these rods were sectioned and are currently being evaluated
metallographically. Figures 13, 14, and 15 show the resulting as-cut
structures at the various section locations.

From these sections, it is apparent that the linear heat ratings
were sufficient to develop a central void in all three of the rods. The
levels of the gamma scans and the results of the burnup analysis indicate
that there was a real difference in fission rate and consequently in
linear heat rating as shown in Tables 4b and c. The extent of the
central voids appears to match the indicated heat ratings, but the lack
of any anomalies in the gamma scans and the appearance of the sections
indicate that the anticipated condition of central melting was not
achieved although columnar grain growth is significant. Columnar grain
growth has been shown to occur without melting in UO; (ref. 12) and in
ThO,-U0, in the ORR loop experiment L-1-B (ref. 7), but the probability
of the effective thermal conductivity of the as-packed oxides being high
enough to permit this in these experiments at full power was unlikely.
Fxamination of the reactor startup on the first cycle of exposure of

these rods shows that for the first 9 1/2 hr of exposure the reactor was



Table 4a. Effects of High Heat Ratings on Powder Compacted Sol-Gel ThO,-U0, Fuel Rods:

Description of Irradiation-Test Fuel Rods

Oxide Fuel Rod Dimensions (cm)
Fuel Rod Total Particle Vibrated Outside
Experiment Identification Type of Oxide Uranium Cladding Size Densi Length Diameter Wall
(vt %) (% D)

ORR Loop L-1-A Sol-gel 26 5.35 304 Stain- c 85.2 54.61 .168  0.0381
less Steel

L-1-B Sol-gel 26 5.35 Zircaloy 2 c 84.1 54.61 .168  0.0381

L-1-C Sol-gel 26 5.35 Zircaloy 2 c 84.1 54.61 .168  0.0381

ORR Poolside 03-5 Sol-gel D 2.50 304H Stain- d 84.8 17.80 .587 0.0508
less Steel

03-6 Sol-gel D 2.50 3040 Stain- d 85.5 17.78 .587 0.0508
less Steel

ETR-I 43-80 18 Sol-gel 35-1 5.02 304 Stain- e 88.1 30.48 .111 0.0635
less Steel

43-80 10 Sol-gel 35-2 5.02 304 Stain- e 89.4 30.48 .111 0.0635
less Steel

43-81 8 Sol-gel 35-3 5.02 304 Stain- e 85.1 30.48 .111  0.0635
less Steel

Enriched in 23%U to 93%.

bBased upon a calculated density depending on composition (approx 10.04 g/cm3).
“Distribution H: 60 wt % —6 +16 mesh; 25 wt % —50 +140 mesh; 15 wt % —200 mesh.
dpistribution A: 60 wt % =10 +16 mesh; 15 wt % —70 +140 mesh; 25 wt % —200 mesh.
Distribution C: 60 wt % —8 +16 mesh; 15 wt % —70 +100 mesh; 25 wt % —200 mesh.

9c



Table 4b. Effects of High Heat Ratings on Powder Compacted Sol-Gel ThO,-U0, Fuel Rods: Irradiation History

Exposure
Time Peak Linear Peak Cladding
Fuel Rod Cladding Average Reactor Heat Rating Heat Flux a
Identifi-  Tempera- External  Full-Power Time Maximum Time Maximum Maximum Burnup
Experiment cation ture Pressure Days Average Instantaneous Average Instantaneous (Mwd/tonne(fissions/
(°c) (psia) (w/cm) (w/cm) (w/cm®) (w/cm?) Th+U) cm?)
x 1020
ORR Loop L-1-A 260 1750 29.6 381 389 104 106 1,600 0.34
I-1-B 260 1750 29.6 499 509 136 139 2,100 0.45
L-1-C 260 1750 29.6 410 418 112 114 1,730 0.38
ORR Poolside 03-5 705 315 215.2 304 337 61 68 5,220 1.13
03-6 540 315 215.2 275 297 55 60 4,040 0.88
ETR-TI 18 100 180 140.5 870 1050 304 367 20,400 4.28
10 100 180 140.5 865 1044 302 365 20,000 4.26
8 100 180 140.5 914 1103 319 385 22,000 4.46

®Based on 200 Mev/fission.

L



Table 4c. Effects of High Heat Ratings on Powder Compacted Sol-Gel ThO,-UO, Fuel Rods:

Postirradiation Observations and Calculations

Radial Extent of

L/;d; Microstructural Various Changes— (w/cm)
T Changes 7 T T
0 Dimensional Columnar v cg eg
Fuel Rod Time Maximum Changes Grain Equiaxed L/;(de L/;(de L/;(ds
Experiment Identification Average Instantaneous Release Average Maximum Void  Growth Gralns T T T
(w/cm) (w/cm) (%) (mm) (mm) (cm) (cm) (cm) o o o
ORR Loop L-1-A 46.5 47.4 2.3 +0.025 +0.102 0.311 31.2
L-1-B 57.0 58.1 Failure 0.000 +0.229 0.152 0.406 54.2 35.4
L-1-C 49.6 50.6 3.9 0.000 +0.102 0.330 38.2
ORR Poolside 03-5 54.5 60.5 18.3 —0.025 —0.229 0.660 35.5
06-5 46.7 50.4 Gas lost 0.000 +0.051 b b
ETR-I 18 82.3 99.4 38.6 +0.025 +0.051 0.076 0.340 0.346 76.5 49.3 48.2
10 82.2 99.2 27.8 +0.037 +0.056 0.04 0.39 0.415 79.9 38.1 33.3
8 86.2 104.0 21.4 +0.027 +0.041 0.109 0.383 0. 396 75.3 42.2 39.3

a,
Time average value.

bSintering boundary not delineated.

8¢
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never over 50% of full power. Since this would have produced an [kde
very close to the 54 w/cm defined by experiment L-1-B for columnar grain
growth it is entirely possible that during this time sufficient sintering
and grain growth occurred to raise the effective thermal conductivity,
develop a central void, and prevent melting. Whether or not this is the
case, it is apparent that at a linear heat rating in excess of 1000 w/cm
the maximum performance capabilities of these vibratorily compacted
sol-gel fuels have not been reached.

The calcining atmosphere appears to influence the fission-gas
release rates. This conclusion will need verification from the lower
rated rods in the MTR-III group which contain the same fuels but are
still under irradiation. Other experiments at Chalk River!? have shown -
an effect on grain growth in hydrogen-sintered and air-sintered ThO0,-UO,
pellets when subjected to short-time rabbit type irradiation tests, with
the air-fired material showing more grain growth.

The microstructures on the EIR-I rods, shown in Figs. 16, 17, and
18, are similar to those developed in UO, fuel rods at high heat ratings.

Although the maximum performance characteristics have not been
defined, it would appear that sufficient data are available for a prelimi-
nary comparison of ThO,-UO, and UO, fuels. The most common method of
comparison for bulk fuels of this type is the use of the fkd@ values for
specific microstructural changes.l% A review of the very extensive
literature on UO, experiments will show that there are considerable
differences of opinion among the various investigators on the precise
values of [kd6 for various structural changes. These differences
develop primarily from the treatment of the fuel-to-cladding conduction
evaluation, the interpretation of the extent of melting, and the thermal
conductivity value chosen for temperatures below about 500°C. The tempera-
tures for equiaxed grain growth (1500°C) and columnar grain growth (1700°C)
in UO, are, however, fairly well established but they have not been investi-
gated for Th0,-U0, fuels as yet. »

Because of the differences in UQ, experimental interpretations and
the sparsity of data on Th0,-UO, fuels an absolute comparison is impossible.
However at ORNL vibratorily compacted fuel rods of both U0, and ThO,—6% UO,

have been tested in the pressurized loop at essentially identical conditionms.
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The UO, work has been reported®®~1€ and the data listed in Table 5 were |
derived from these reports. All [kd6 values are quoted to the fuel
surfaces which should have been at essentially the same temperature.

The most obvious difference is the lack of void formation in the
ThO,-UO, loop rods at [kd6 values where significant voids were formed
in the U0, rods. To illustrate void formation in Th0,-UO, the ETR-I rods
which operated at lower surface temperatures but at higher power levels
and to much higher burnups have been included in this table. The extent
of columnar grain growth is also fairly well defined in postirradiation
microstructures and again the [kd6 values show the ThO,~UO, material to
be better in the comparable loop exposures. The extent of equiaxed grain
growth or sintering is difficult to determine in these powder compacts -
but it would appear that similar temperatures and [kd6 values apply to
ThO,-U0, and UO, fuels.

Any attempt to place a quantitative value on the superiority of
ThO,-U0, compacts from these data would be highly speculative. However,
Raol? at Chalk River has compared 3-min rabbit tests of UO; and ThO,-UO,
using pressed and sintered pellets. He has concluded that similar micro-
structural changes in ThO,~1% UO, compared with UO, will require a 10%
higher power output. Such short time tests have proven to be good guides
in the past and from the data reported here it appears that his estimate
may prove to be conservative. Irradiation tests at higher linear heat
ratings are planned and additional out-of-pile data are being obtained
including thermal simulation and thermal conductivity measurements. N
These out-of-pile tests are needed to remove some of the uncertainties

associated with evaluation of the microstructures from in-pile tests.

Mixed Progeny and Remotely Fabricated Sol-Gel Th0,-223U0, Fuel Tests

We have done very little testing with mixed progeny fuels but three
fuel rods containing sol-gel ThO, mixed with PuO, before calcining and
tamp-packed into fuel rods have been examined after exposure at linear
heat ratings up to 245 w/cm to burnups of 29,000 Mwd/tonne (Th+Pu). The

fission-gas release rates were less than 5% and the microstructures were

similar to ThO,-UO, exposed under the same conditions.




Table 5. Comparison of UO; and Th0,-U0, Vibratorily Compacted Fuel Rods

Inside
Burn Up Surface Linear c v cg eg
Fuel wid/tomme Temperature  Heat [ ka6®) [ kae [ kae [ kao g
Fuel (2) Density Heavy of Cladding Rating s S S s Release

Experiment Material (% TD) Flement (°c) (w/cm) (w/cm) (w/em) (w/em)  (w/cm) (%)
ORR (c) 7Nl U0, 87.1 4,780 353 434 32.5 20.7 12.4
Loop 701 U0, 87.1 5,140 361 465 34.8 21.1 47.0
7Pl U0, 86.9 6,290 383 566 41.2 20.0 72.0
8Nl U0, 85.6 4,810 347 404 30.9 22.8 17.5 77.0
801 U0, 85.8 5,040 351 423 31.3 21.2 16.1 25.0
8r1 U0, 85.5 6,880 387 578 40.8 23.9 20.3 25.0
ORR I1A  ThO,—6% U0,  85.2 1,600 341 381 30.3  No Void 20.5 2.3

Loop  I1B ThO,—6% U0,  84.1 2,100 368 499 39.7  No Void 36.6  17.7
L1IC ThO,—6% U0,  84.1 1,730 348 410 32.6  No Void 20.7 3.9
FTR-I 18 ThO»—5% UO5 88.1 20,400 211 870 63.0 35.8 34.7 38.0
10 ThO,—5% U0,  89.4 20,000 209 865 66.4  24.6  19.8 28.0
8 Th02—5% U0, 85.1 22,000 218 914 61.3 28.2 25.3 21.0

LE

(a) UO, fuel was arc-fused crushed and vibratorily compacted; oxygen-to-uranium ratio 2.002:2.003;
U0, enriched 5 to 6%. Th0,-UO, fuel was sol-gel material crushed and vibratorily compacted; UO, enriched 93%.

c v cg
(b) j‘ is center to surface of fuel; j‘ is void to surface of fuel; j‘ is the limit of columnar grain
S eg S S
growth to surface of fuel; and J‘ is the limit of discernible equiaxed grain growth to surface of fuel.
s

(¢) V. 0. Haynes, W. C. Thurber, and E. L. Long, Jr., "Fuel Irradiation Tests,” pp. 61-77, Maritime Reactor
Program Ann. Progr. Rept. Nov. 30, 1963, USAEC Report ORNL-3775, Oak Ridge National Iaboratory.
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The semiremotely fabricated, vibratorily compacted rods containing
sol-gel ThO,-223U0, (ETR Group III) have been in the ETR for four months

and appear to be performing satisfactorily.

Summary

A rather extensive series of irradiation tests, over the past five
years has shown that sol-gel vibratorily compacted Th02—5% UO, fuel rods
perform as well as similar arc-fused ThO,-U0, fuel rods and rods containing
pressed and sintered pellets of Th0,-U0, at burnups up to 80,000 Mwd/toane.
There has been no evidence of breakaway swelling or sudden increases in
fission-gas release in these rods at linear heat ratings between 300 and
350 w/cm (fkd6 32-38 w/cm).

Although the maximum performance characteristics have not been
determined, sol-gel ThO,—5% UO, vibratorily compacted fuels have been
operated at linear heat ratings of 1000 w/cm (fkd6 of 100 w/cm) to burnups
over 20,000 Mwd/tonne with no evidence of swelling, some void formation,
but no central melting and with fission-gas release rates less than 30%.

It appears that ThO,-base fuels with low UO, contents will permit
significantly higher power densities than similar metal-clad UO, fuels

and that vibratory compaction is a satisfactory rod fabrication technique.

THORIUM-CONTAINING PYROLYTIC-CARBON-COATED PARTICLE FUELS

Several irradiastion tests of thorium-bearing fuels in the form of
carbides and oxides have been conducted in support of high-temperature
gas-cooled reactor design requirements. The fuel has all been in the
form of small particles coated with pyrolytic carbon for fission-product
retention; both loose beds of particles and graphite matrix elements
have been irradiated. Most ORNL irradiations of HPGR fuels to date
have utilized high concentrations of uranium to obtain accelerated burnup
and experience with thorium is limited. Much of the testing of thorium-
bearing fuels has been related to pebble-bed reactor application, first
for the PBRE conceptl” and later for the German AVR.18 Some recent tests
have been in support of the TARGET*® reactor fuel concept.
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Coated -Particle Capsule Irradiation Tests

In the development of these fuels it has proven desirable first to
evaluate the particles separately and then the fuel element assembly.
Significant results of irradiation tests on unsupported coated particles
at ORNL have been described in detail,?9;21 except for the results of
the more recent tests involving coated oxide particles. The test facil-
ities have included static capsules inserted in the Low-Intensity Test
Reactor and the Materials Test Reactor, sweep capsules in the Oak Ridge
Research Reactor, and, for coated oxide particles only, the ORR loop No. 1
facility.3

The results of static tests have generally corroborated those of
sweep tests. Results from sweep facilities are rather emphasized in
this discussion because in these tests a continuous account of the be-
havior of the test material is provided by analysis of the helium gas
that is passed through the capsule. This gas is monitored continuocusly
for total activity and sampled periodically for fission-gas analysis.
Descriptions of the coated particles, the techniques used, and their
characterization in coating application have been reported in detail, 22—25
Information on performance tests involving multilayer coatings on uranium
and uranium~thorium is listed in Table 6 and the characterization of

coatings in Table 7. The results are sumarized below.

Coated Carbide Particles.

The following conclusions were drawn from extensive testing of
coated, high-density UC, and (Th,U)C, fuel particles with nominal par-
ticle diameters of 200 u; (1) multilayer coatings are superior to the
monolithic coatings tested; (2) the performance of monolithic coatings
with average thicknesses of 50 to 75 p is substantially inferior to
that for 100-u-thick coatings; (3) spheroidal particles generally per-
form better than irregularly shaped particles with sharp edges and pro-
trusions; (4) in experiments in which no coatings have ruptured during
irradiation, the fission-gas release, expressed as the ratio of the
release rate to the birth rate (R/B) for 88Kr, has been of the order of
107° to 1077 and can be accounted for by the uranium contamination in

the coatings as determined before irradiation by alpha-counting; and



Table 6. Irradiation Test Conditions and Fission-Gas Release Data for Unsupported Coated
Fuel Particles with Multilayer Pyrolytic-Carbon Coatings

Sample Type of Coating Test Burnup Ratio of R/B

Experiment Designation Fuel Structure Temperature (at. % heavy for 88Kr
Particles (°c) metal)

Cl-11 GA-310 (Th,U)Cp Triplex™ 1120° 14.7 3.6 x 107
B9-10 NCC-AD UC, Duplex® 1150 2.6 2.4 x 1078
B9-11 NCC-208-2  (Th,U)C,(d) Duplex 1120 10.0 1.3 x 107
B9-14 GA -309 Uc, Triplex 1370 20.6 1.6 x 107
C1-15 CA-314 (Th,U)C,(€) Triplex 1400 8.9 3.5 x 107°
B9-15 GA-309 UC, Triplex 1370 18.7 4.0 x 1072
B9-16 NCC-216 Uc, Duple 1370 18.8 1.0 x 10~
B9-17 OR-138 UC, or-2p(f) 1370 14.9 1.1 x 1075
B9-19 OR-206 (Th,U)0,(8) OR-2D 1200 0.6 2.3 x 1076
B9-20 OR-201 U0, OR-2D 1370 4.2 1.5 x 107°
A9-2 . OR-298 U0, OR-2D 1400 12.0(1) 2.0 x 1077
Loop 1-14(3)  OrR-206 (Th,U)0, (&) OR-2D 1370 2.7(3) 2.5 x 1073

%w. o. Harms, "Carbon-Coated Carbide Particles as Muclear Fuels,” in Modern Ceramics — Some Principles
and Concepts, ed. by J. Hove and W. Riley, John Wiley & Sons, Inc., New York (in press); D. W. Dayton,
W. V. Goeddel, and W. O. Harms, "Ceramic-Coated Particle Nuclear Fuels," A/Conf.28/P/235, paper presented
at the 3rd United Nations International Conference on the Peaceful Uses of Atomic Energy, Geneva, 1964;
Final Report, Graphite-Matrix Fuels Development for the AVR, p. 8, USAEC Report GA-4695, General Atomic,
October 1963.

bPeriodic thermal cycles were applied between 925 and 1315°C.
°R. A. Reuter, "Duplex Carbon-Coated Fuel Particles," Nucl. Sci. Eng. 20(2), 219-226 (1964).

dThorium-to-uranium ratio 0.6:1.0.
eThorium-to-uranium ratio 2.1:1.0.

fTwo—layer coatings. Ref: W. O. Harms and D. B. Trauger, Fabrication Variables, Performance, and Cost
Considerations for HIGR Coated-Particle Fuels, USAEC Report ORNL-TM-1123, Oak Ridge National Iaboratory,
April 1965. Properties are described in Table 7.

€particles contain 8 wt % U0z and were prepared by the ORNL sol-gel process.
hTest terminated due to thermocouple failure.
Test still in progress.

IThis test is described in a later section of this report. About 9 months of irradiation was
accumulated at conditions indicated.

ov



Table 7.

Characterization of OR-2D Coatings Deposited from
Methane and Listed in Table 6.

Sample Designation OR-138 OR-182 OR-201 OR-205 OR-206 OR-298
Type of Fuel Particle UC», (Th,U) 0, U0» ThO, (Th,U) 0, U0»
Average Fuel-Particle 186 217 229 243 206 302

Diameter, u
Inner Layer

Coating temperature, °C 1400 1400 1400 1400 1400 1400

CH; flow rate, cm® min~tcm~? 0.17 0.15 2.8 0.83 0.83 0.16

Coating thickness, p 40 55 40 50 35 70
Outer Layer

Coating temperature, °C 1700 1800 1800 1800 1800 1900

CH, flow rate, cm® min™tem™? 0.17 0.33 0.27 0.17 0.17 0.10

Coating thickness, n 72 45 80 80 63 65

184
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(5) the performance to substantial burnup of coated (Th,U)C, particles with
thorium to uranium ratios up to 2.1l:1 has been comparable to that of simi-

larly coated UC, particles.

Coated Oxide Particles.

The highest burnup demonstrated, at this writing, for loose coated
oxide particles is 12 at. % heavy metal at 1400°C in a sweep capsule
(experiment A9-2). This test has operated for about 9 weeks and, by
comparison with results from other tests in this type of facility, the
fission-gas release has been constant and very low. Thermocouple
failure occasioned termination of a previous sweep capsule test (experi-
ment B9-20) on coated UO, particles after a burnup of 4.2 at. % heavy
metal at 1370°C. None of the coatings were ruptured in this test as the
result of irradiation, and metallographic examination revealed only minor
damage by wedge-shaped fractures, none of which extended beyond one-half
the thickness of the inner coating. Sol-gel (Th,U)0, particles containing
8% UO, and coated with a two-layer coating have been irradiated at 1200°C
to a short burnup in experiment B9-19 and for an extended time in the
ORR loop No. 1.

Typical photomicrographs of unirradiated and irradiated particles

of both uranium and uranium-thorium fuels are shown in Figs. 19 and 20.

Fueled Graphite Irradiation Performance

Sweep Capsule Tests.

Evaluation of a reactor fuel element must take into account irradi-
ation test performance. Although it is desirable to test in actual power-
reactor service, no suitable facility yet exists for in-service testing
of HIGR fuels. The irradiation capsule and loop tests now employed in
evaluating spherical fuel elements offer advantages for instrumentation
and control and for measurement of fission-gas release as a function of
irradiation experience.

Most ORNL capsule irradiations have been conducted in the ORR
Poolside Facility, which provides the reference conditions, including

fission power density, temperature, and a sweep atmosphere of helium.

Other capsules in core positions have been used to obtain high burnup.
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The design of the poolside irradiation capsule is shown in the schematic
diagram of Fig. 21 and the irradiation test facilities have been described
in detail.?

Specially equipped hot cells are used for examination of the spheres
following irradiation. The examinations include a gross gamma scan,
visual and photographic observations, dimensional measurements, crushing
and impact strength measurements, burnup determinations, metallography,
and radiochemical analysis of parts from the graphite structures. The
apparatus and techniques used for the examinations were described in a
recent publication.26

Irradiation tests of spherical fuel elements such as that shown in
Fig. 22 have been conducted principally to investigate the effect of
fabrication variables. These findings have been summarized recently, 2’
and have been reported in greater detail in ORNL progress reports.zs"31

Operating conditions and fission-gas release during irradiation
for the spheres used in several tests and representative of both uranium
and thorium-uranium elements are given in Table 8. It is notable that
only one sphere showed a ratio of fission-gas release rate to birth
rate, R/B, significantly in excess of 1072, This sphere, GA-VS11-2,
fabricated as shown in Table 8 showed evidence of excessively high
temperatures in the matrix and probably operated at a much higher
temperature than was estimated because of lack of bonding and the
development of a gap, which was observed in postirradiation examination.
Relative fractional release of noble fission gases is illustrated in
Fig. 23, which shows little difference between the molded and machined
shells. A somewhat wider variation is apparent for different elements
having machined shells, however, this probably indicates variation in
the effectiveness of bonding between the matrix and shell. The shell
bonding difficulty may not be inherent in the design, since these were
all experimental elements, but this does represent an important problem
area. Sphere 3M-VS1l6 showed, at the start, very low fission-gas release
but the release increased steadily with burnup. This behavior is

attributed to progressive failure of monolithic-laminar coatings with

increasing burnup (see above).
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Table 8. Operating Conditions and Fission-Ges Release Data for 6-cm-diam ORR-Irradiated Fuel
Spheres Containing Coated Carbide Fuel Particles, Poolside Capsules

Shell Burnup Oper- Average  Average Tem-
Type Thick- (at. % ating Power _perature, °C R/B
of ness Insert Unfueled Particle heavy Time Density Center -_—
Shell Sphere  (ecm) Fabrication Shell Type Coating metal) (days) (w/cm?) Surface Estimated 86kr 133%e
x 1074
Machined GA-VS11 1.1 Hot pressed at Type ATJ (Th,U)C, Triplex 3.2 87 30.0 930 1370 1 tp 1 tg
750°C, baked 43 43
at 1800°C
GA-VS15 0.8 Hot pressed at Type ATJ (Th,U)C, Triplex 2.0 92 18.6 910 Not de- 2.5 6.0
750°C, baked termined
a at 1800°C
GA-VS16 0.8 Warm pressed Type ATJ (Th,U)C, Triplex 2.3 9 18.6 920 1370 2.0 4.0
at 100°C,
baked at
1800°C
NCL-VSL 1.1 Mold injec- Type ATJ (Th,U)C, Duplex 1.5 46°  18.6 920 1320 2.0 4.0
tion baked
at 1400°C
ORNL-VS3 0.8 Warm pressed  Type ATJ UC, Duplex 1.2 62 16.0 850 1180 0.2 0.3
at 160°C,
baked at
q 1000°¢C
Molded GA-VS12™ 0.63 Warm pressed Hot pressed at (Th,U)C, Triplex 4.3 146 30.0 920 Not de- 3.0 2.5
at 150°C 750°C, baked termined
a at 1800°C
GA-V812~ 0.63 Warm pressed Hot pressed at (Th,U)C, Triplex 2.7 87 30.0 940 Not de- 2.0 2.5
at 150°C 750°C, baked termined
b at 1800°C
3M-VS16~ 0.63 Not known Not known (Th,U)C, Laminar 3.0 140 18.6 910 1270 0.01 to 0.Q1 to
1 1

aR/B increased steadily throughout irradiation.
ba, .
Similar spheres.

‘Test terminated by leak in capsule.

dSimilar spheres.

87
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No significant difference is apparent for the fission-gas release
behavior of uranium and thorium fuels. These release rates are considered
quite satisfactory for pebble-bed reactor service. Observations concerning
release of solid fission products have been more limited, but again no
difference has been observed between uranium and thorium-bearing coated

particle fuels.

In-Pile Loop Test of Thorium-Uranium Oxide Pyrolytic-Carbon-Coated
Particle Fuel Element

Perhaps the most significant test by ORNL of thorium-bearing fuel
for HIGR reactors has been conducted in a recirculating loop, ORR No. 1.2
The irradiation assembly designated as experiment 14 contains two cylin-
drical fueled-graphite elements with loose coated particles. This type
of fuel element is of interest for advanced reactor designs.®®

The design of the fuel elements for experiment 14 is shown in Fig. 24%.
The two cylindrical fuel elements are aligned one above the other in the
loop. They differ in that the coated particles in the upper element are
contained within an annulus between a tube and a rod of type ATJ graphite.
The lower element consists of a solid graphite rod with five longitudinal
holes containing loose coated particles located symmetrically around the
axis of the rod. The lower element is contained within a sealed stainless
steel capsule and the upper element is vented to the helium coolant in
the loop via a porous nickel plug. The upper capsule is instrumented
with nine thermocouples, one of which is located at the axial center of
the fuel. The lower capsule is uninstrumented, but the heat generation
rate is so low that its temperature is not much higher than the outlet
gas temperature so no instrumentation is necessary. The stainless steel
container is required to protect the fuel element from damage during
insertion into and removal from the loop.

The fuel used in experiment 14 is comprised of a mixture of two
batches of pyrolytic-carbon-coated particles fabricated at ORNL and
designated as OR-205 and -206. The particles for both batches were
prepared by the sol-gel technique. The particles in batch 205 consist
of pure ThO,, whereas those in batch 206 contain approximately & wt % UO,
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(93% 23°U). A detailed description of these coated particles is given

in Table 7. The mixture was prepared by blending 53.415 g from batch OR-206
with 10.551 g from batch OR-205; it was then poured into the individual com-
partments.

The fuel burnup in the (Th,U)02 particles in the upper vented region
is estimated to be 2.7 at. % heavy metal after approximately 9 months of
operation. Since initially only 7.2% of the heavy metal in these particles
was 235U, the 23°U consumption, including fission and conversion to 236U,
is 44 at. %. Burnup of fuel in the lower, sealed element which contains
the same fuel but was in a lower neutron flux is estimated to be 2.2 at. %
heavy metal.

The temperature in the upper region has been maintained at 1370°C
in the center of the fuel and 1040°C in the surrounding graphite fuel
support tube. The fuel temperature of the uninstrumented lower region
is estimated to be 700°C.

Equilibrium concentrations of noble gas fission products in the
loop coolant have been nearly constant and indicate R/B values for the

upper region of approximately

85myy 1.9 x 107°
87Kr 1.0 x 107°
88Ky 2.5 x 107
135%e 1.5 x 10-°
133x%e 1.4 %x 1077

The contaminant gases CO, COp, and Hp have tended to build up slowly
but continuously in the loop coolant, although the rate has decreased with
time. The contaminants have been controlled by replacement of the coolant
about once every 3 to 4 weeks when the concentration of CO and CO, reached
approximately 125 and 75 ppm by volume, respectively. Approximately 30% Ne
was added to the helium to lower the thermal conductivity of the coolant.
This has made it possible to maintain the central fuel temperature in the
vented region at 1370°C despite the high consumption of 235U,

The element has been removed from the loop for postirradiation
examination, but has not yet been opened. It is significant that the

residual radicactivity of the loop did not increase measureably over
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the period of this test, as determined by external gamma scanning.
Analysis of samples from exposed surfaces near the compressor and on
the fuel element support also indicate very low activity from metallic

fission products.

FEight-Ball Static Capsule Test

The eight-ball capsule contains eight 1.5-in.-diam spheres placed
inside individual graphite containers and assembled inside a graphite
tube with end insulators. The graphite tube assembly is inserted in
stainless steel primary and secondary containment tubes; this tube
assembly makes up the capsule which is tested in the F-1 position of
the ORR core. A fifth and final test of this type, F1-8B-5, has been
irradiated to higher fuel burnup than any other ORNL test of thorium-
uranium carbide HT'GR fuel elements. The fueled spheres used in this
experiment are described in Table 9. Heavy metal fuel burnup in this
capsule was approximately 25 at.% with approximately 45% for 235y
during 9 months exposure in the ORR. None of the spheres showed visible
damage; overall linear shrinkage for spheres having machined shells was
approximately 1% with approximately 2% for molded shells and elements.
Observation of the coated particles indicates performance about as

expected from previous high burnup tests of uranium carbide particles.

Summary

Limited test data for thorium-uranium HTGR fuels at low thorium
concentration or low burnup show no observable difference from uranium
fuel performance for comparable irradiations. Overall performance for
these coated particle fuels has been favorable when compared with reactor
service requirements where release to birth ratio (R/B) of 10-% for noble
gases has been considered acceptable. Both thorium-uranium carbide and
oxide fuels have been tested; results for oxides, although limited, have

been excellent.
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Description of Fueled Spheres and Average Operating
Conditions for Eight-Ball Irradiation Capsule F1-8B-5

Fuel Loading

Unfueled Shell Average Temperature

Estimated Burnup

b

Sphere Total U 235U Th Thickness Type Surface Center (at. %
Position Designation (g) (g) (&) (in.) (°c) (°c) Heavy Metal) (Fissions/cm?)
x 10%°

1 (top) 3M-S13-10, 1.58 0.29 1.00 0.25 molded 786 973¢ 23 3.3
2 GA-S14-2A 1.46 0.28 6.27 0.20 ATJ 869 25 3.6
3 NCF-524-1L3 1.58 0.29 1.00 0.00 9202 26 1.5
4 3M-513-7 1.58 0.29 1.00 0.20 ATJ 886 27 3.8
5 NCF-525-Vv10 1.58 0.29 1.00 0.00 854 26 1.5
6 3M-813-l4e 1.58 0.29 1.00 0.25 molded 841 25 3.6
7 GA-S14-3A 1.46 0.28 6.27 0.20 ATJ 808 23 3.4
8 (bottom) 3M-513-9 1.58 0.29 1.00 0.20 ATJ 773 22 2.9
B,C Specimens

Top TE 12 580

Top TE 13 590

Bottom TE 14 630

SFabricators: GA, General Atomic Division of

Division of Union Carbide.

bCalculated on basis of fueled-core volume.

General Dynamics; 3M, the 3M Company; NCF, Carbon Products

COnly the top sphere had a central thermocouple.

dThe shell of this sphere was cracked prior to irradiation by dropping 24 times from a height of
4 meters on to a bed of 1.5-in.-diam graphite spheres.

®This sphere was dropped 25 times without cracking under the same conditions as (d).

7S
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THORIUM-BASE METAL FUELS

The potential advantage of high fuel density available with metallic
fuels has long been recognized, but has not been exploited for power re-
actors because fuel swelling and growth phenomena can cause fuel element
failures at relatively low burnup. As part of the studies on the use of
nuclear reactors for desalination, a review of the available irradiation
data on uranium, thorium, and their alloys has been made. Recent devel-
opments in metallic fuel technology, the lower fuel temperatures of
interest in such reactors; the low fuel cycle costs for metallic fuel;
and probable fabrication economies with large reactor complexes suggest
that metallic fuels should again be considered.

There has been very 1little work reported on thorium and thorium
alloy irradiations. However, several experiments on thorium metal have
indicated that it has considerably greater dimensional stability during
irradiation than uranium. Thorium, which has an isotropic body-centered
cubic crystal structure, i1s not subject to growth effects and the attendant
internal stresses that develop in the anisotropic orthorhombic crystals
of uranium.

Early data on thorium irradiation experiments are collected by
Bauer et gl.Bz An Argonne National Iaboratory investigation of thorium-
uranium alloys has been summarized by Kittel et §£,33 who irradiated
small specimens (0.14-in. diam X 0.875 in. long) of a number of thorium-
uranium alloys at temperatures up to 1000°C and burnups to 10 at. %.
Swelling for all alloys increased from approximately 1% per at. % burnup
at lower temperatures to about 2.5% per at. % burnup at 650°C. At higher
temperatures the swelling rate increased somewhat, reaching a value of
6% per at. % burnup at 800°C. Volume increases were linear with burnup
and independent of uranium content. The data are plotted in Fig. 25.
Specimens containing in excess of 25% U became warped and distorted,
but those containing 20% U, or less, did not show significant distortion
or surface roughness. In a few cases, excessive swelling was observed
as a result of locally high temperatures at the top end of the specimen.
The authors attribute the excellent behavior to the fact that chillcast
specimens were used. Uranium particles thus were very thin so that

fission products were largely trapped in the thorium matrix.
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Ref':

J. H. Kittelet.al.

Effects of Irradiation on Thorium and Thorium Alloys, USAEC Report
ANL-5674, Argonne National Iaboratory, April 1, 1963.

Data on the swelling of specimens of cast and swaged Th—11 wt % U
irradiated to 1.5 at. % burnup at temperatures up to 650°C were reported
by Battelle3# and by Atomics International.3® Specimens irradiated
below 590°C decreased in density at the rate of 3% per at. % burnup.
Specimens irradiated at higher temperatures showed greater density de-
creases even at burnups as low as 0.2%, but evidence of considerable
Slugs of Th—7 1/2 wt % U, 3/4 in. in

diameter and clad in stainless steel with a 25-mil-thick annulus of

overheating was also observed.

sodium, were used as fuel in Core II of the Sodium Reactor Experiment.>®
The maximum coolant outlet temperature was 490°C and maximum fuel central
temperatures were near 650°C. Thorium fuel elements were operated to
exposures of 5260 Mwd/tonne, and satisfactory operation was achieved, >
but no data on examination of the fuel are yet available.

Hanford is irradiating three 8~in.-long test elements of Zircaloy-2
clad annular tubes (1.75 in. OD, 1.05 in. ID) of Th—2 1/2 wt % U-1 wt % Zr

alloy in the ETR38 high-temperature pressurized water loop. Preliminary
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data at the maximum measured exposure of 9300 de/tonne show an 0.9%
volume increase. Maximum fuel operating temperatures have ranged between
460 and 585°C, and specific power between 45 and 69 w/g (ref. 39). The
irradiations are being continued.

From these data it is apparent that thorium metal fuels are not
subject to the excessive "cavitation" swelling reported for uranium
metal in the 400 to 550°C temperature range.“?~%2 However, the effects
of fabrication variables and alloying or dispersion hardening are not
known. In addition, the fuel temperature at which the %AN/at. % burnup
increases rapidly needs to be defined. The compatibility of the metallic
fuels with possible lower cost cladding materials must also be investi-
gated, In general the successful utilization of metallic fuels, particu-
larly thorium-base fuels, appears feasible, but their performance will
depend on the adequate control of a number of variables. Further research
and development is required to define the requirements necessary to achieve

optimum performance.

ACKNOWLEDGMENTS

The efforts of many people are represented in the work reviewed in
this paper, and it is impossible to give full credit to each. 1In the
bulk oxide fuel irradiations program special note is due to J. W. Ullmann
and S. D. Clinton of the Chemical Technology Division for preirradiation
planning and calculations and from the Metals and Ceramics Division to
W. 8. Frnst, J. W. Tackett and R. W. McClung for fuel rod fabrication,
welding, and nondestructive testing; E. J. Manthos for metallography;

Y. Hirose, a foreign visitor from the Hitachi, ILtd., Japan, for postir-
radiation calculations; and to W. C. Thurber and S. A. Rabin who super-
vised most of the early experiments. In the cocated particle fuel irradi-
ation program three Iaboratory divisions are involved. H. C. McCurdy, in
the Reactor Division, G. M. Watson, in the Reactor Chemistry Division, and
P. Patriarca, in the Metals and Ceramics Division, supervised most of the
recent effort. Special note is due to R. L. Beatty for coating studies,
F. L. Carlsen for evaluation of spheres, C. O. Smith for impact studies,
0. Sisman and F. R. McQuilkin for irradiation tests, J. L. Scott for

thermal conductivity studies, and E. L. Long for metallography.



1.

10.

11.

58

D. E. Ferguson, O. C. Dean, and D. A. Douglas, "The Sol-Gel Process
for the Remote Preparation and Fabrication of Recycle Fuels," paper
presented at the 3rd United Nations International Conference on the
Peaceful Uses of Atomic Energy, Geneva, Switzerland, August 31—
September 9, 1964.

J. L. Matherne et al., Summary of the Kilorod Project — A Semiremote
10 kg/day Demonstration of 233U02-Th02 Fuel-Element Fabrication by
the ORNL Sol-Gel Vibratory-Compaction Method, USAEC Report ORNI-3681

(in press), Oak Ridge National Iaboratory.

D. B. Trauger, Some Major Fuel-Trradiation Test Facilities at the
Oak Ridge National Iaboratory, USAEC Report ORNL-3574, Ozk Ridge

National Iaboratory, April 1964.

S. A. Rabin, pp. 102-128, Status and Progress Report for Thorium

Fuel Cycle Development for Period Ending December 31, 1962, USAEC
Report ORNL-3385, Oak Ridge National Iaboratory.

R. G. Wymer and D. A. Douglas, Status and Progress Report for Thorium
Fuel Cycle Development for Period Ending December 31, 1963, USAEC
Report ORNL-3611 (in press), Oak Ridge National Iaboratory.

S. A. Rabin, M. F. Osborne, S. D. Clinton, and J. W. Ullmann,
"Thorium Fuel Cycle Irradiation Program at the Oak Ridge National

1

Laboratory,” p. 643 in Proceedings of the Thorium Fuel Cycle Symposium,

Gatlinburg, Tennessee, December 5-7, 1962, USAEC Report TID-7650,

Bk II, AEC Technical Information Division.

S. A. Rabin, S. D. Clinton, and J. W. Ullmann, "Irradiation of Non-
sintered ThO,-UO,; and ThO,-PuO, Fuel Rods for Power Reactor Applica-
1

tions,'

Dioxide Fuel Elements, Worcester, Massachusetts, November 5-6, 1963.

paper presented at the Symposium on Powder Filled Uranium

R. G. Wymer and D. A. Douglas, Status and Progress Report for Thorium
Fuel Cycle Development for Period Ending December 31, 1964, USAEC
Report ORNL-3831 (in press) Oak Ridge National ILaboratory.

W. D. Kingery, J. Am. Ceram. Soc. 4(12), 617 (1959).

S. A. Rabin et al., Irradiation Behavior of High Burnup ThO,—4.45% U0,

Fuel Rods, Oak Ridge National Iaboratory Report (in preparation).
T. D. Anderson, "Effects of High Burnup on Bulk UO, Fuel Elements,"
Nucl. Safety 6(2), 164-169 (Winter 1964-65).




12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

59

J. R. MacEwan and V. B. Iawson, J. Am. Ceram. Soc. iz(l), 4246
(1962).

S. V. K. Rao, Investigation of Th0,-UC, as a Nuclear Fuel, Canadian
Report AECL-1785, July 1963.

J. A. L. Robertson, [kd9 in Fuel Irradiations, Canadian Report
CRFD-835, April 1959.

M. F. Osborne and E. L. Iong, Jr., Post Irradiation Examination of
Maritime-ORR Loop Experiments 5, 7 and 8, USAEC Report ORNL-TM-921
Oak Ridge National Laboratory, Oct. 1964.

V. 0. Haynes, W. C. Thurber, and E. L. Long, Jr., "Fuel Irradiation

Tests," pp. 61-77, Maritime Reactor Program Ann. Progr. Rept.

Nov. 30, 1963, USAEC Report ORNL-3775, Oak Ridge National Iaboratory.
Staff, Oak Ridge National Iaboratory, Conceptual Design of the
Pebble Bed Reactor Experiment, USAEC Report ORNL-TM-201, Oak Ridge
National Iaboratory, May 1962.

C. Cautius, "The AVR High-Temperature Reactor,” Atom und Strom, 11,
33-38 (May 1964 ). -
Design Study Report for TARGET: A 1000-Mw(e) High-Temperature Gas-
Cooled Reactor, USAEC Report GA-4706, General Atomic, March 1964.

P. E. Reagan, F. L. Carlsen, and R. M. Carroll, "Fission Gas Release
from Pyrolytic-Carbon-Coated Fuel Particles During Irradiation,”
Nucl. Sci. Eng., 18(3) 301-308 (1964).

P. E. Reagan et éi: "Fission-Gas Release from Coated Particles,”

pp. 115-126, GCRP Semiann. Progr. Rept. Sept. 30, 1964, USAEC Report
ORNL-3731, 0Oak Ridge National Iaboratory.

W. 0. Harms, "Carbon-Coated Carbide Particles as Nuclear Fuels,"

in Modern Ceramics — Some Principles and Concepts, ed. by J. Hove

and W. Riley, John Wiley & Sons, Inc., New York (in press).

R. W. Dayton, W. V. Goeddel, and W. O. Harms, "Ceramic-Coated
Particle Nuclear Fuels," A/Conf.28/P/235, paper presented at the
3rd United Nations International Conference on the Peaceful Uses
of Atomic Energy, Geneva, 1964.

Final Report, Graphite-Matrix Fuels Development for the AVR, p. &,
USAEC Report GA-4695, General Atomic, October, 1963.




25.

26.

27.

28.

29.

30.

31.

32.

33.

60

J. C. Bokros, The Structure of Pyrolytic Carbon Deposited in a
Fluidized Bed, USAEC Report GA-5163, General Atomic, July 1964.
D. R. Cuneo, E. L. ILong, Jr., and H. E. Robertson,"Hot Cell Tech-

nigques for the Evaluation of Fueled Graphite Specimens;' pp. 2456256
in Proceedings of the 12th Conference on Remote Systems Technology,

American Nuclear Society, New York, 1964.

W. O. Harms and D. B. Trauger, Fabrication Variables, Performance,
and Cost Considerations for HIGR Coated-Particle Fuels, USAEC Report,
ORNL-TM-1123, Oak Ridge National Iaboratory, April 1965.

J. L. Scott et al., "Preparation of Fueled-Graphite Irradiation Test

Specimens," pp. 326-341; V. A. DeCarlo et al., "Irradiation Tests,"
Pp. 344-354, GCRP Semiann. Progr. Rept. Sept. 30, 1963, USAEC Report
ORNL-3523, Oak Ridge National Iaboratory.

J. L. Scott and C. Michelson, "Preparation of Fueled-Graphite

Irradiation Specimens," pp. 217—228; V. A. DeCarlo et al., "Irradiation
Tests," pp. 230-240; D. R. Cuneo et al., "Postirradiation Examinations
of Fueled-Graphite Spheres,” pp. 246-268, GCRP Semiann. Progr. Rept.
Mar. 31, 1964, USAEC Report ORNL-3619, Oak Ridge National Iaboratory.
V. A. DeCarlo and F. R. McQuilkin, "Fueled-Sphere Irradiations in

ORR Poolside Facility," pp. 58—70; D. R. Cuneo et al., "Postirradi-
ation Examinations of Fueled-Graphite Spheres," pp. 78-95, GCRP
Semiann. Progr. Rept. Sept. 30, 1964, USAEC Report ORNI-3731,

Oak Ridge National Iaboratory.

V. A. DeCarlo and F. R. McQuilkin, "Fueled-Sphere Irradiation in

ORR Poolside Facility," and D. R. Cuneo et al., "Postirradation
Examination of Fueled-Graphite Spheres," GCRP Semiann. Progr. Rept.
Mar. 31, 1965, USAEC Report ORNL-3807 (in press) Oak Ridge National

Iaboratory.
A. A. Bauer, M. S. Farkas, and V. W. Stoochok, Effects of Nuclear
Reactions on Metallic Materials, USAEC Report REIC-29, Battelle

Memorial Institute, September 1963,
J. H. Kittel, J. A, Horak, W. F. Murphy and J. H. Paine, Effects of
Irradiation on Thorium and Thorium Alloys, USAEC Report ANL-5674,

Argonne National Iaboratory, April 1, 1963.




34,

35.

36.

37.

38.

39.

40.

41.

42.

61

J. E. Gates, G. E. Lamale, and R. F. Dickerson, The Examination and

Evaluation of Irradiated Thorium—11 wt % Uranium Specimens, USAEC
Report BMI-1334, Battelle Memorial Institute, April 16, 1959.

B. R. Hayward and L. E. Wilkinson, Radiation Behavior of Metallic
Fuels for Sodium Graphite Reactors, USAEC Report NAA-SR-3411,
Atomics International, August 15, 1959.

E. N. Pearson, SRE Systems and Components Experience, Core II, USAEC
NAA-SR-MEMO-9003, Atomics International, November 15, 1963.

Atomics International —Quarterly Technical Progress Report — AEC
Unclassified Programs, January-March 1964, USAEC Report NAA-SR-9700,
Atomics International, May 19, 1964.

M. M. Hendrickson, and J. E. Greer, et al., Research and Development

Programs Executed for the Division of Reactor Development, Quarterly
Progress Report April—June 1963, USAEC Report HW-78388, Hanford

Atomic Productes Operations.

Hanford Atomic Products Operations — Quarterly Progress Report,

Division of Reactor Development, April—June 1964, USAEC Report
HW-83298, Hanford Atomic Products Operations.

R. D. leggett, T. K. Bierlein, and B. Mastel, Irradiation Behavior
of High Purity Uranium, USAEC Report HW-79559, Hanford Atomic
Products Operations, November 1963.

R. S. Barnes, R. G. Bellamy, B. R. Butcher, and P. G. Mardon, "The

Irradiation Behavior of Uranium and Uranium Alloy Fuels,"

A/Conf. 28/P/145, paper presented at the 3rd United Nations Inter-
national Conference on the Peaceful Uses of Atomic Energy, Geneva,
1964.

C. L. Angerman and G. R. Caskey, Jr., "Swelling of Uranium by
Mechanical Cavitation," J. Nucl. Mater. g(z) 182-96 (1964).










iii

CONTENTS
Page
Abstractemreccccccccnc e ccnrscccc s r e d e r e e e e e e 1
Introduction-cccemmc e e s e e e e m e e 2
Problems in Fuel Refabrication--ceccmeem e e e e e 3
Effect of Fuel Isotopic Content and Recycle Scheme on
Fabrication Plant Desigheeec-crccrccccm e e e 3
Requirements and Features of the Remote Fuel Element
Production Planteeeec oo e e e 14
Need for Processing Equipment Simplicity----------reecmwccanucn- 15
Requirements for Simplicity in Fuel Element Design-----v--caw--- 15
Selection of Simplified Processes and Optimum Fuel Element Designs--- 15
Importance of Fuel Element Deslign-----c---ceerccmmmmcmcccccance= 16
Simplified ProcesseS--eer-cccmocce e - 19
Process for Metal-Clad Oxide Fuel Elements--------w---cew-- 19
Fueled-Graphite Process---ce—cecccmcrccc i rce e rccccccceaa 21
Oak Ridge National Laboratory Pilot-Scale Demonstration--------cwecewa- 23
Thorium-Uranium Recycle Facllity--ee--comrcmcmmmcn e 23
Process and Equipment Design for TURF-=---eccacrmmcme e cemr————— 27
Criteria for Process and Equipment Design-------ceeececceu-- 27
Fabrication of Oxide-Bearing Metal-Clad Fuel Bundlegs~=-=-=-- 29
Fueled-Graphlite Equipment-----veceeccmcmcmccc e 32
Present Status of the Facility and Equipment-----ececccaccmacaaa.a 35
Refabrication EconomiCB-meccccewccmmmccrcccccer e e e e e e e 35
Method of Analyslg---ecececccmcc e e e e e r e c e e 36
Cost of Preparing Fuel Materials by the Sol-Gel Method---=-~=--- 36
Basis for Calculation of Fabrication Costge-sm--vemccccncccccnaaa 39
Cost of a Typlcal Metal-Clad Oxlde Fuel Element-----eecceecuaman- 39
Cost of Fabrication of Fueled-Graphite Elementgs-----cecccccoccwa- 42
Cost Penalties for Remote Fabrication--=--ceccemccmccccmccccccaeaa 42
Acknowledgenmentecmemcmccccmemarccn e mn e e m e - 47

Referencesemecmmmremcmcccce e e mce e c e me s e me e —-a 48



REFABRICATION TECHNOLOGY FOR THE THORIUM-URANIUM-233 FUEL CYCLE

A. L. Lotts and D, A, Douglas, Jr.

ABSTRACT

To achleve low power costs, various reactor systems that
would use the thorium-uranium-233 fuel cycle depend to a great
extent upon the cost of fuel cycle operations. Since the
fabrication of fuel is a major contributor to the cost of any
fuel cycle, economical techniques of refabricating fuel must be
developed. This paper discusses the factors which should be
considered 1n the refabrication of bred fuel and describes the
approach of the Oak Ridge National Laboratory toward solution of
the problems encountered. This is followed by a discussion of
the types and features of fabrication plants that should be
employed for various recycle schemes and lsotopes. Methods of
minimizing refabrication cost are included in an analysis of
refabrication technology for two types of fuel elements, that
for high-temperature gas-cooled reactors and that for the
Spectral Shift Control Reactor (SSCR). The ORNL refabrication
program and the Thorium-Uranium Recycle Facility (TURF), which
is to be used for pilot-scale demonstration of refabrication
technology, are described. The paper is concluded by an
analysis of the effect of production rate and isotopic content
of fuel on refabrication cost.



INTRODUCTION

Various reactor systems that would use the thorium-uranium-233
cycle are under development because of thelr potential for achleving
low power costs and high fuel utilization. The achlevement of low
power costs depends to a great extent upon the economics, and consequently
the technology, involved in the recycle of fuel from such reactors.
Technical development 1s required for shipplng, chemical processing, fuel
preparation, and refabrication of bred fuel. Since the cost of fabri-
cating fuel 1s a major contributor to the cost of any fuel cycle, 1t 1s
essentlial that we consider the technology and economics of refabricating
fuel elements of various reactor systems.

There 1s little experience that can be used in the solution of the
technical problems which exist in the refabrication of fuel. An assess-
ment, at the present time, of the refabrication technology for the
Th-233y fuel cycle must be considered very prelimlnary for several reasons,
Current fuel element designs are based princlpally on processes optimized
for initial and, therefore, contact fabrication. This could lead to
erroneous conclusions since heavy penalties might be applied to fuel
element costs because certain contact steps used conventionally become
extremely awkward and expensive when they are automated and performed
under conditions imposed by recycle fuel. On the other hand, if we assume
a design and a fabrication technique to be suitable for refabrication,
we may err in estimating the extent to which a process can be extrapolated
from meager data to a large-scale refabrication plant. There 1s little
experience with recycle fuel and none with certain types of fuel elements.
There i1s no relevant experience with large plant processing or the
economies to be realized in large plants fabricating fuel elements for
power reactors.

Because of the uncertalnties that currently shadow the technology
and economics of refabricating fuel, it 1s necessary that development
programs be carried out to gain an understanding of the technology and to
seek methods for eventual economical utilization of recycle fuel in power



reactor systems. Thls necesslty has led various :l.mreeﬂ',:lga.torx-zl"8

and ourselves to programs for detailed evaluation of the technical and
economic feasibility of refabrication. In this paper, we shall present
a number of factors which must be considered if one 1s to refabricate
bred fuel and shall suggest methods of attacking problems encountered in
refabrication technology. We shall discuss our plans for pilot-scale
demonstration of the refabrication of two types of fuel elements. The
paper will be concluded by an analysis of the effect of production rate
and isotopic content of fuel on refabricatlion cost.

PROBLEMS IN FUEL REFABRICATION

Refabrication economics are influenced by a number of major factors
vhich are readily recognized. Among those factors are the fuel element
design, the process used for fabrication, the isotoplc content of the
fuel, and the refabrication plant and equipment design greatly affect
fabrication costs.

Effect of Fuel Isotopic Contert and Recycle
Scheme on Fabrication Plant Design

For any proposed fabrication plant, one has the problem of selecting
for the given 1sotope the type or mode of fabrication that is to be
employed in the fabrication of either first cycle or recycle fuel. The
possibilities are contact, hooded, glove box, semiremote, or remote
operation. We have chosen to define these terms as follows: (1) Contact
operations are those in which the operator has direct contact with the
material. (2) Hooded operations are those which are contained in
ventilated enclosures that are not hermetically sealed. (3) Glove box
operations are those requiring hermetic sealing of the equipment.

(4) Semiremote operations are those requiring light shielding. (5) Remote
operations are those requiring heavy shielding and totally remote operation.
The type and quantity of the 1sotope in the fuel and the quantity of the
fuel being processed dictate the type of operation to be selected.



Several recycle systems can often be used. For example, in the
High-Temperature Gas-Cooled Reactor (HIGR) one may choose not to recycle
the thorium, but to recycle only the 233U, With this particular fuel
element design, one then has the cholce of using either homogeneous
(U-Th) C, particles or discrete particles of UC, and ThCp. With (U-Th)C,
particles, all of the material must be handled in the refabrication plant,
but when the discrete particles are used the particles contalning virgin
thorium can be prepared in a hooded operation., The other alternative is
to recycle the thorium and the 233U, Similar possibilities arise in
other fuel element designs where it is feasible to mechanically separate
233y and thorium during some of the fabrication steps.

In the fuel cycle of interest, Th-233U, the mode of fabricatlon
depends upon the 232y concentration of the fuel, its age, and whether
virgin or recycle thorium, which contains 228Th, is being used. The
amount of fuel being processed, its concentration, and its proximity to
the operator is also important. We have analyzed the effect of 232y
concentration on the type of facility which should be employed in the
fabrication of HIGR fuel and Spectral Shift Control Reactor (SSCR) fuel.

In the analysis for the SSCR fuel, we used the flowsheet shown in
Fig. 1. The SSCR fuel element has approximately 200 fuel rods containing
(U-Th)O, in an 8-in.-square array. Each fuel rod is approximately O.4-1in.
in diameter and clad with 0.025-1in.-wall Zircaloy-2 tubing. The fuel
element 1s designed for mechanical assembly. The basic structure is an
open cage assenbly lnto which the fuel rods are simply inserted; no
welding or brazing of the structure after loading of fuel rods is
required. To perform the shielding calculations and determine the mode
of fabrication, the fuel element fabrication facility was divided into
three zones,

Zone 1, Bulk oxide 1s recelved from the fuel reconstitution facility
and prepared for loading in the fuel rods.

Zone 2. TFuel rods are loaded, end capped, and inspected.

Zone 3. TFuel rods are autoclaved, placed into the preassembled
fuel element framework, and inspected.
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Typilcal material flow rates for fabrication of the SSCR fuel element are
shown in Teble 1., It is notable that material holdup in Zone 3 is high be~
cause of the necessity of storing fuel rods containing different enrichments
for loading into & single fuel element. We used the fuel element design
shown in Fig. 2 in the analysis for the HTGR fuel element. The element
has a diameter of 4 1/2-in., and has ten equally spaced 3/4-1in, -diam holes
in the cross section between the outside diameter and the 3/4-in. inside
dlameter. These holes are filled with fuel bodies conslisting of an
aggregate of coated fuel particles held together by a graphite matrix.

The fuel element is 20 ft in overall length and has two identical
subassemblies, each having an active fuel length of 7 1/2 ft. The fuel
assemblies can be fabricated separately, can be attached to either a
reflector assembly, or a fission-product trap assembly, and can be Joined
by the central coupling to form a complete fuel element. The flowsheet
used 1s shown in Fig. 3. We considered both discrete particles of UC,
and ThC, and particles of (U-Th)C,. For fabrication of the HTGR fuel
element, the facllity was divided into three zones.

Zone 1. The oxide microspheres are received from the fuel
reconstitution facility and converted to carbide and inspected.

Zone 2. The fuel particles are coated with pyrolytic carbon and
inspected.

Zone 3. Compacts are prepared, inspected, and loaded into the
graphite sleeves. Finally, two fuel segments are assembled together with
end pleces, Inspected, and shipped to the reactor site.

Typical material flowmtes for (U-Th)C, particles are shown in
Table 2; those for UC, particles in Table 3.

The following assumptions were made in calculating the shielding
requirements for all of the plants.

1. The time between solvent extraction and recelpt of material at
the fuel element fabrication plant is five days.

2. A major cleanup of the equipment and enclosures is performed
after five working days.

3. No substantial quantity of the material 1s located closer than
1 £t to the enclosure wall,




Table 1. SSCR Material Location, Quantity, and Age in Fabrication Plant

Plant Capac’ty (kg heavy metal/day)

60 230 930 3700
Zone 1
(1) In-process material at a 20 20 50 175
glven time, kg
(2) Time since material received 3 3 3 3
from sol-gel plant, hr
(3) Material held up in equip- 3 3 3 3
ment, kg
(4) Time since hold-up material 5 5 5 5
recelved from sol-gel plant,
days
Zone 2
(1) In-process material at a 64 64 173 340
time, kg
(2) Time since material received 8 8 8 8
from sol-gel plant, hr
(3) Material held up in equip- 3 3 3 3
ment, kg
(4) Time since hold-up material 5 5 5 5
received from sol-gel plant,
days
Zone 3
(1) In-process material at a 475 475 900 1325
given time, kg
(2) Time since material received 12 4 2 1
from sol-gel plant, days
(3) Hold-up material in any 3 3 3 3
element, kg
(4) Time since hold-up material 14 10 8 8

received from sol-gel plant,
days
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Table 2. Material Location, Quantity, and Age
in Fabrication Plant Processing (U-Th)C,

Plant Capacity (kg heavy metal/day)

60 230 930 3700
Zone 1
(1) In-process material at a 22 88 352 1408
given time, kg
(2) Time since in-process 16 16 16 16
material received from .
sol-gel plant, hr
(3) Material held up in equip- 3 3 3 3
ment, kg -
(4) Time since hold-up material 5.7 5.7 5.7 5.7
received from sol-gel plant,
days
Zone 2
(1) In-process material at a 20 80 320 1280
given time, kg
(2) Time since in-process 26 26 26 26
material recelved from sol-
gel plant, hr
(3) Material held up in equip- 3 3 3 3
ment, kg
(4) Time since hold-up material 6 6 6 6
received from sol-gel plant, N
days
Zone 3
(1) In-process material at a 15 30 60 60
given time, kg
(2) Time since in-process material 1.7 1.3 1.3 1.2
recelved from sol-gel plant,
days
(3) Hold-up material in any 3 3 3 3
element, kg
(4) Time since hold-up material 6.7 6.4 6.3 6.3

received from sol-gel plant,
days
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Table 3. HTGR Material lLocation, Quantity, and Age
in Fabrication Plant Processing UC; and ThC;

Plant Capacity (kg heavy metal/day)
60 230 930 3700

Zone 1 (UC, only)

(1) In-process material at a 3 4 16 64
glven time, kg

(2) Time since in-process 16 16 16 16
- material received from sol-
gel plant, hr
. (3) Material held up in equip- 3 3 3 3
ment, kg

(4) Time since hold-up material 5.7 5.7 5.7 5.7
recelved from sol-gel plant,
days

Zone 2 (UC, only)

(1) In-process material at a 3 6 24 26
glven time, kg

(2) Time since in-process 26 26 26 26
material received from sol-
gel plant, hr

(3) Material held up in equip- 3 3 3 3
ment, kg

- (4) Time since hold-up material 6 6 6 6
received from sol-gel plant,

days

Zone 3 (UC, + ThC,)

(1) In-process material at a 15 30 60 60
given time, kg

(2) T™Mme since in-process 1.7 1.3 1.3 1.2
material received from sol-
gel plant, days

(3) Hold-up material in any 3 3 3 3
element, kg

(4) Time since hold-up 6.7 6.4 6.3 6.2
material received from sol-
gel plant, days
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4. 'The amount of material retained in the equipment (on the walls,
in crevices, etc.) during processing is 3 kg, but the material is released
and continued in the process at five-day cleanup intervals.

5. 'The plant processes 110% of the quantity shipped to allow for
internal rejection of product not meeting specificatious.

Shielding was calculated for plants having dally processing capacities
ranging from 10 to 3700 kg of heavy metal per day. Typical results of
these calculatlons are summarized in Table 4. Unless otherwise indicated,
the results are for combinations of virgin thorium and 233y, As can be
observed in the table, we have used approximately 3.5 in. of steel as a
practical limit for semiremote fabrication because of the difficulty of
working through a greater distance with glove hands or tongs. Also,
radiation from sources requliring greater than 3.5 in. of steel would
prohibit, or at least greatly inhibit, contact maintenance of equipment.
In all of the results, the shielding 1s calculated to limit body exposure
to 1l mr/hr. The data in Table 4 show the limit of semiremote fabrication
for SSCR fuel to be approximately 5 ppm 232y 4 heavy metal, that for
HIGR fuel containing (U-Th)C, particles 2 to 5 ppm depending upon the
plant capacity, and that for discrete particles of UC,; + ThC, only 1 ppm.
It 1s notable that the discrete particles of UC, required greater
shielding than (U-Th)C, particles because they are not diluted with
thorium during the conversion and coating operations.

In fuel cycles where all the fuel is recycled, it is probable that
the concentration of 232U will exceed 5 ppm in heavy metal. We, therefore,
conclude from our analyses that a remote plant 1s required for refabrica-
tion of such fuel.

This conclusion ralses two serious questions: (1) How does one
approach a satisfactory technical and economical solution to the
problem of remotely fabricating fuel elements? (2) What are the cost
renalties that one could expect for fabrication under such rigorous
conditions? To answer these questions, it 1s appropriate that we

consider the requirements and features of a remote fuel refabrication

plant operating at a significant production rate.




Table 4. Shielding Requirements in Plants for Fabrication of 233U-Bearing Fuels

SSCR Fuel HTGR Fuel — (U-Th)C, Particlesb HTGR Fuel -- UC; + ThC; Particles®
232y @ Plant Capacity (kg heavy metal per operating day)
( ppm) 230 930 3700 230 930 3700 230 930 3730
Semiremote Fabrication (in. steel)
0.8 1.2 L4 1.2 1.9 2.0 2.8 2.8 3.2
2 1.7 2.1 2.3 2.0 2.7 2.9
5 2.8 3.3 3.5 3.1
Remotz Fabrication (in. concrete)
2 12.3 12.3 13.5
5 12.8 13.9 15.9 15.9 17.2
10 12.2 13.8 14.8 13.2 15.6 17.0 18.7 18.7 20.0
20 15.0 16.7 17.8 16.0 18.5 20.0 21.4 21.4 22.8
50 18.9 20.6 2.8 19.6 22,2 24.1 25.1 25.1 26.5
100 21.7 23.5 24.8 22.4 25.0 27.2 27.9 27.9 29.3
500 28.4 30.3 31.8 28.8 31.6 34.3 34,3 34.3 35.8
1000 31.2 33.9 34.8 31.6 34.4 37.4 37.0 37.0 38.6
u-md  36.0 38.5 40,0 36.0 39.0 42,5 41.5 41.5 43.0

8parts per million in heavy metal (U+Th).
bEach particle containing a mixture of 23335 gnd virgin thorium.
c233UCz process alone in parts of the process.

d233U-recycle thorium-assumptions.
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Requirements and Features of the
Remote Fuel Element Production Plant

The plant should incorporate automatic processing equipment
insofar as practicable for several reasons. (1) The rate of unit
processing has reached a value at which it is economical to invest in
capital plant and minimize operating manpower expense. (2) The
requirement for remote processing makes manual control of processing
equipment extremely difficult. (3) Reproducibility and quality control
are better assured by automatic systems. -
The plant must provide substantial shielding from gamma irradiation
depending on the isotopes being fabricated. The actual amount of shield-
ing is not an important point since, if it is assumed that the process
will proceed automatically, manipulation will not be used for normal

operations.

The plant must offer sultable containment for the isotopes being
fabricated. Generally, fuel refabrication operations can be divided into
two categories according to the degree of contamination of the environ-
ment which can be expected from them: (1) contaminated fabrication that
includes operations in which the fuel material is not completely contalned
in cladding; and (2) clean fabrication +that includes operations in which
the material is contained. These two categories of operation require two
different types of shielded work areas. The work area for contamlnated
fabrication must be hermetically sealed and ventilated for control of
particulate contamination.. The probabllity of spreading particulate
contamination during clean fabrication operations is minimal; therefore,
adequate ventilation for cooling of the equipment and for a contingent
contamination incident must be provided, but no other precautions are
necessary.

These categories of refabrication allow two general methods of
equipment maintenance. The equipment used in contaminated fabrication
would require completely remote maintenance, unless the work area could

be decontaminated to an extent that protected personnel tould enter the

area. The most likely possiblility for repalr of equipment components is
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that the components will be decontaminated and removed to a gloved
malntenance area. Personnel can enter the cell and directly maintain
equipment in a clean fabrication cell after removal of gamma-radiation

sources,
Need for Processing Equipment Simplicity

It is desirable that all processes for fabrication of nuclear
fuels be simple. In the case of remote fabrication of fuel elements,
simple processes of equipment are not only desired, but mandatory, for
several reasons. (1) The complexity of any operation tends to be
magnified when that operation is done remotely. (2) The performance of
fabrication operations, many of which are performed by hand in conven-
tional nuclear facilitiles, are inherently difficult in remote facilities.
(3) Repair of equipment in remote facilities is extremely difficult.

Requirements for Simplicity in Fuel Element Design

The design of fuel elements should be such that (1) the nunmber of
remote operations required is an absolute minimum and (2) the operations
required are reasonably straightforward and easily accomplished. Also,
fuel element designs should be optimized for minimum fuel fabrication
costs. For example, the reduction of the number of pleces of hardware
which must be handled per kilogram of fuel usually effects economies in
fuel fabrication operations.

SELECTION OF SIMPLIFIED PROCESSES
AND OPTIMUM FUEL ELEMENT DESIGNS

Now that certain requlrements have been set forth for refabrication
plants, we can discuss some approaches to the objectives of simplification

and minimal cost.
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Importance of Fuel Element Design

The fuel element design will, of course, determine the process and
the degree of inspection which is required for the fuel elements. The |
designer must carefully consider the need for certain specifications as
well as the geometry of the fuel element. Two fuel elements?® as examples
will 1llustrate this point; the SSCR fuel element designed by the Babcock
and Wilcox Company and the advanced HTGR element by General Atomic,*

The SSCR fuel element was designed for vibratory compaction and for
mechanical assembly of the fuel rods into a fuel bundle. The fuel element -
assembly scheme consists of pushing loaded fuel rods into a prepositioned
and assembled lattlice which has been constructed outside the fuel fabrica-
tion plant. This is a significant improvement over the operations involved
in the manufacture of a brazed fuel element assembly.

In any rod-bundle design, there are a number of parameters which
greatly affect cost; such as, type of fuel material, fuel diameter, fuel
length, fuel density, type cladding, clad thickness, and number of fuel
rods in an assembly.l® Figure 4 1llustrates the results of independent
variation of some of these parameters over an extensive range. These
curves relate to an advanced PWR-type fuel element of rod-bundle design
fueled with low enrichment U0, pellets. All of these effects are due to
the number of pileces which must be handled per kilogram of fuel during
fabrication. Obviously, the fuel element designer can, by Judicious
selection of geometry and dimensions consistent with core thermal
performance requirements, minimize costs.

One conceptl! for an advanced HIGR fuel element is that of loose
particles contained in a graphite body. This, of course, considerably
shortens the process in that the fabrication of graphite bodies containing
dispersed fuel particles is eliminated. The fuel particle spheres in the
HIGR element are coated with pyrolytic carbon. As shown in Fig. 5, costs
are affected substantially by the particle diameter and the coating
thickness which is selected for a particular fuel element.12? Over the

¥Division of General Dynamics.
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range shown in the figure, the cost of fabrication Increases with
increasing particle size and initial particle diameter. Imn the process,
a fluldized bed 1is used conventionally for coating the fuel particles.
In such beds, for larger particles a much Increased gas velocity is
required to fluildize the particles; there 1is poor gas-solid contact; the
particle motion characteristics change; and there might be increased
maintenance due to sooting. This analysis could be negated by the
development of more efficient devices for coating larger particles. The
explanation for the effect of coating thickness i1s straightforward; one
simply has to apply more carbon, but at a specified rate of deposition.

Another economy would be the use of coated-oxide microspheres
instead of carblde. Other factors, such as the amount of fuel per fuel
element, the number of holes per fuel element, and the length of the fuel
element, would also have a bearing on fabrication costs.

Simplified Processes
Process steps selected should be short, easy to operete, and control;
and they should have a high degree of utilization of the material put Into
the process. That 1s, there should be little recycle of material within

the process. We shall use two examples to 1llustrate several points.

Process for Metal-Clad Oxlde Fuel Elements

First, in fabricating metal-clad oxlide fuel bundles there are
several basic methods of consolidating fuel and introducing it to fuel
tubes; these are pelletizing, extrusion, swaging, and vibratory compaction.
From the standpoint of remote operation, pelletizing operations have two
drawbacks. (1) Although pelletizing has been extensively used, centerless
grinding of pellets 1s still required to meet the usual dimensional
tolerances. (2) High-temperature sintering operations are required for
densification of pellets. The material from the grinding operation
creates a substantial waste and recycle problem. The pelletizing step
does, however, have the advantage of mature technology and of adaptability
to mass production. Extrusion techniques, although not fully developed,
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have similar drawbacks; that is, a necessity for high-temperature
sintering and for grinding. The process is, however, adaptable to

higher production rates. We should also note that both pelletizing and
extrusion require that the material be handled in several operations
prior to the formation of green fuel bodies. Swaging has been
extensively investigated as a method for consolidating powders but has not
yet seen large~scale use because of difficulties in determining whether
cladding quality has been affected by the working that occurs during
swaging. Even without this effect, swaging has not proved to be
substantially cheaper than pelletizing operations.

Vibratory compaction is a method which has been under extensive
investigation during the past few years. At ORNL, we have produced
1100 fuel rods in a pilot demonstration of the fabrication of 233U-Th
oxlde-bearing fuel rods. 1218 Fyel rods were fabricated at a rate of
10 to 15 per day using the bulk oxide-vibratory compaction route.
Approximately 900 of the rods, 1/2-in. in diameter and 46-in. in length,
and 200 shorter, 18-in. long, but otherwise identical, rods were fabri-
cated in a semiremote, lightly shielded (4.5-in. steel) facility, known
as the Kilorod Facility. During the production, an ayerage density of
90% of theoretical was obtained using Th-3 wt % 233y oxide. The
vibratory compaction process used has the advantage of utilizing almost
100% of the material charged to the process.

It was specified that (1) each rod have a fuel density of 2% of
the average density for the entire shipment and (2) that the density
within a fuel rod at any position be within 2% of the average for that
fuel rod. To meet this specification, a mixture of coarse and fine
powders consisting of 55% —6 +16 mesh and 45% unclassified fines were
produced. The density varlation along the length of the fuel rods was
determined by a gamma-scanning operation using a 1/8-in. x 3/8-in. gamma
beam, which was done immediately after vibratory compaction. During the
early operations in the facility, the recycle rate between the compaction
and gamma-scanning steps was quite highj nearly 20%. In the later
campaigns, the recycle between the two steps because of insufficient
homogeneity reached a low of less than 14.
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There were, however, mechanical difficulties with the pneumatic
vibratory compactor. It required more maintenance than any other ltem
of equipment in the process line, largely due to the breakage of
components of the compaction machine. The vibratory compactor was the
rate controlling machine in the process; the performance of the complete
step for a single rod required approximately 17 min. 1% Unless techniques
are developed for simultaneous vibration of a number of fuel rods, one
faces the proposition of having a large number of vibratory compactors
in a fuel fabrication plant of large capacity. Because the sol-gel
process produces dense oxide suitable for vibratory compaction very
cheaply and because the difficulties with the vibratory compactor can
probably be overcome, we believe it to be the most economical method of
consolidating material in oxide metal-clad fuel bundles under remote
conditions.

It should be noted that we had little difficulty in the Kilorod
Facility with the remainder of the process steps after initial operation.

Fueled-Graphite Process

Two steps in the process require extensive consideration if the
costs of fabricating fueled-graphite elements are to be reduced. One
i1s the technology for making spherical particles of either oxide or
carbide. The second is the process for pyrolytic-carbon coating of
these microspheres. Heretofore, the technology for making spherical
particles has consisted of various mechanical methods of consolidating
combinations of the solld materials UO,;, ThO,, and carbon and then
treating these at high temperature to complete the necessary reactions
and to densify the material. These methods invariably involve tedious
techniques which become more complicated when special operating
conditions are imposed by recycle fuel. Therefore, an objective of
ORNL has been to simplify the manufacture of spherical particles.

We belleve the sol-gel process19 meets this objective. Clinton?0
at ORNL has demonstrated on a pilot scale the preparation of thorium-
uranium microspheres which can be used as oxlde or converted to carbide.
Following the flowsheet shown 1n Fig. 6, the microspheres are prepared
by dispersing the sol at room temperature in an immiscible organic
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liquid which has some solubllity for water. The sol droplets must be
suspended in the organic phase until enough water 1s extracted from the
aqueous sol to cause gelation., After drying, the gel microspheres are
calcined at 1150°C to complete the preparation of dense (99.4% of
theoretical 1s typical) oxide microspheres. Microspheres produced by
this method can be directly converted to carbide (U-Th)C, at 2150°C. 21
The coating operation accounts for 25% of the cost of fuel
fabrication in a plant capacity of 60 kg/day and 38% in plants at
3700 kg/day.1? Therefore, to reduce costs, one should strive to increase
the efficlency of the coating step. At ORNL, we are investigating methods
of lmproving the efficlency of coating apparatus. These studlies involve
theoretical calculations of process conditions required in fluidized
beds and rotary-drum coaters, as well as model studles on such devices. 22,23
We are now preparing a pilot-scale facllity for demonstration of
improved methods of spherical particle preparation, conversion of oxide
particles to carbide, and of coating with pyrolytic carbon. Most of
this work 1s directed toward the scaleup of these processes, In the
pllot facility, we shall accumulate data that we hope will lead to
efficlent remote fabricatlon processes and equipment. The faclility is to

process nonrecycle material,
OAK RIDGE NATIONAL LABORATORY PILOT-SCALE DEMONSTRATION

The absence of accurate data on costs and information on the technology
for remote fabricatlon of fuel has led us to the construction of a facility
in which we shall attempt the development of practical and economic
solutions to refabricatlon problems. The facility 1s known as the Thorium-
Uranium Recycle Facility (TURF).24,23

Thorium-Uranium Recycle Facility

The TURF will furnish the necessary space and shielding to perform
all of the operations required for the processing of a spent-fuel element
through the variocus phases of the fuel cycle. The facility has been sized

to accommodate integrated recycle processes with equipment scaled down from
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production plant sizes so that reallistic and reliable bases for technical
and economical analyses will exist. The design of the facility is such
that two fabrication processes can be accommodated in the facility at onme
time.

The facility will be an irregularly shaped three-story building
approximately 162-ft long, 124-ft wide, with a partial basement. The
first floor, shown 1n Fig. 7, provides space for offices, change rooms,
operating areas around the cell enclosures, a fuel storage basin, and a
receiving area. The second floor provides space for chemical makeup,
sampling of in-cell processes, cask decontamination, a shop for
contaminated equipment, a development laboratory, and the mechanical and
electrical equipment for the bulilding. The third floor is a high bay
area vhich includes the cell roof area and provides facilities for entry
of cell services and cell access. The bay 1s provided with a 50-ton
crane to handle casks large enough to accommodate fuel elements up to
12 ft in length., The basement will provide space for access to the
equipment storage cell and for the vulnerasble equipment associated with
the chemical cell. The bullding acts as a second line of containment for
the cell complex.

The primary zone of containment for the facility consists of six
shielded cells and assoclated glove maintenance room and air lock, all
of which are depicted in Fig. 8. Four of the cells provide the operating
space for the process equipment while two provide supporting functions.
The mechanical processing and chemical processing cells will be used for
operations incidental to irradiated fuel recovery and reconstitution of
fisslle and fertile materials into forms sultable for use in fuel element
manufacture. The contaminated fabrication cell provides space for
fabrication operations through the point where all fissile and fertile
material 1s contalned and sealed in fuel cladding. The clean fabrication
cell will be used for final assembly and inspection of fuel elements.

The two large cells, mechanical processing and contaminated fabrication,

are 1o be maintained remotely; the clean fabrication cell will be maintained
by a contact means. The chemical cell has the flexibility of allowing
elther method of maintenance.
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All of the remote maintenance cells and the decontamination cell are
lined with stainless steel., The service penetrations for all cells are
provided with seals to confine radioactivity. Provisions have been made
for future conversion to an inert atmosphere in the remote maintenance
cells, the decontamination cell, equipment storage cell, and the glove
maintenance room to permit processing of pyrophoric materials on a large
scale.

The cells are capable of processing and refabricating fuel assemblies
as long as 12 ft and containing as much as 35 kg of Th-U fuel irradiated
to 25,000 Mwd/MT and decayed for 90 days. All of the operating cells are
provided with the equivalent of 5 1/2 ft of normal concrete up to the
electromechanical manipulator bridge level and 4 1/2 £t of concrete above
this level,

Process and Equipment Design for TURF

We are now designing and constructing equipment for demonstration of
remote fabrication processes in the TURF. The two processes Iinvolved are
those for fabricatlon of metal-clad oxide fuel elements and fueled-
graphite elements. Before discussing these two processes in detall and
the equipment which we have desligned, it would be appropriate to consider
some of the criteria on which the process and equipment design is
predicated.

Criteria for Process and Equipment Design

All of the general consliderations which have been previously
discussed were taken into account in the selection of processes and
equipment designs. Therefore, we have trled to select a simple fuel
element design, to select a process that 1is short as possible, and to
reduce to a minimum the number of operations that must be done remotely.
In addition to these general considerations, there are a number of details
that should be mentioned.

The layout of the fabrication equipment was divided into contaminated
and clean fabrlcation zones according to the degree of contamination that



28

1s expected from the operations. These assignments greatly influence

the type of equipment which should be designed for operation in the
particular area. For example, each ltem of equipment located in the
conteminated fabrication cell must be capable of being remotely installed,
maintained, and removed by the cell remote handling system. Therefore,
motor switches and complex mechanical components which are susceptible to
wear, damage, or fallure must be replaceable with a minimum of effort and
without removal of the complete equipment item. Contact maintenance can
be employed In the clean fabrication cell; therefore, provisions for
maintenance by manipulators in the cell need not be extensive,

In the design of the equipment, we have used mild steel or aluminum
extensively. Stalnless steel has been used only for parts in direct
contact with the fuel or where corrosive liquids or atmospheres dictate
its use. Elastomers and organic materials have been used only where
absolutely necessary; and, when used, provisions have been made for their
easy replacement.

One of the principal problems involved in remote fabrication is that
of transfer of materials between operational steps in the process scheme.
At the onset of design, 1t was recognized that special handling systems
would be required to precilsely locate and to quickly transfer the
article belng fabricated from one operation to the next. Our analysis
showed that i1f the general manipulation provided in the cell complex were
used for transfer, the percent utilization of the process equipment would
be extremely low; that 1s, the principal bottleneck in the process would
be the general purpose manipulators. Therefore, we concluded that
transfer of bulk solid material from one step to the next should be done
by gravity flow through pipes or by enclosed powder conveyors and that
transfer of fuel rods or other large components between operational steps
should be accomplished with specilal transfer machines.

We can best illustrate our approaches to these problems by discussing

the processes that we have designed and the concepts of the equipment for
26 27
)

these processes.
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Fabrication of Oxide-Bearing Metal-Clad Fuel Bundles

One objective of the TURF 1s to demonstrate the feaslbllity of
remote fabrication and assembly of metal-clad oxlde fuel elements. The
equipment is to be capable of accommodating fuel rods from 2 to 10-ft in
length and 1/4 to 3/4-in. in diameter. The flowsheet for the oxide
fabrication process 1s presented in Fig. 9; the layout of the equipment
in Fig. 10. As can be seen in Fig. 10, fabrication and inspection equip-
ment will be constructed in the form of a multistation system. Transfer
of rods 1n the multistation system will be accomplished with two speclal
fuel rod transfer machines. Versatility to accommodate the wide dimensional
varlation of the fuel rods will be achleved when possible by minor
adjustment of components. However, in most cases, the cost of constructing
versatile units has dictated that partial retooling or complete interchange
of certaln equipment ltems be done.

The design of equipment for powder condltioning prior to vibratory
compaction has been relatively stralghtforward. In the Kilorod Facility,
there was little mechanical difficulty with thls equlpment. Therefore,
we have simply extended those deslgns to remote condltions by adding
appropriate control systems and conveyors.

Particular attention was given to the vibratory compaction step. In
the Kilorod Facility, the principal problem was the frequent maintenance
required by the equipment. Also, as has been previously noted, the equip-
ment had a low rate of unit processing which could give scaleup problems.
Therefore, we attempted to deslgn components in which stress risers were
eliminated; and we attempted to design a unit which would vibrate two fuel
rods simultaneously.

Another plece of equlpment which has glven particular difficulty in
design is the gamma scanner. It is required to detect a 2% density
variation over a 3/8-in. interval of rod length. The scanner consists of
a collimated gamma beam, a Nal detection crystal, and a means of moving
the beam along the length of the rod. When using either cobalt-60 source
or cesium-137 source, the scanning speed 1s very slow; therefore, it was
necessary to evolve a concept for multiple rod scanning.

The design of the equipment for all of the other operations has been
relatively stralghtforward, and we envision no problem in scaling these
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to higher production rates. Most of the problems have been the ones
which usually accompany design of such speclalized equipment. Little
attention has been given to the problem of fuel element assembly because
of the lack of a firm fuel element design for fabrication. The assembly
equipment would, of course, be greatly dependent upon the particular
geometry and configuration of the fuel element to be assembled.

Fueled-Graphite Equipment

We are now conceptually designing equipment to be used for
demonstration of refabrication technology for the fueled-graphite element
depicted in Fig. 2. The flowsheet that is being used for the conceptual
design 1s shown in Fig. 11. The equipment is to be a production type so
that information gained will be applicable both technically and
economically to a full-scale production facility. The equipment is to
be sized for the production of approximately 35 kg of heavy metal per day.
The principal barrier to this goal as far as capaclty 1s concerned is the
coating process. We do not yet have a solution to the relatively low
processing rate which is inherent to the step.

A preliminary layout of the fabrication equipment for the fueled-
graphite element in the TURF is shown in Fig. 12. This equipment will
occupy approximately one-half of the space in the contaminated febrication
and clean fabrication cells. It is to be located on the opposite side of
the cells from the oxide fabrication equipment. In the process, dryed
sol-gel oxlde microspheres are fed from the mechanical processing cell by
a transfer conveyor; and then the material flows through various transfer
conveyors from one step to another according to the sequence depicted on
the flowsheet and in the equipment layout.

Because of the handling limitations imposed by the bullding clearances,
a fuel element longer than 12 £t cannot be handled in the facility. There-
fore, 1t will be necessary to accomplish the assembly operations for the
fueled-graphite element in another facility or at the reactor site. This
could be done by means of a central fitting of the threaded or bayonet
type, and the Joint could be sealed by an inductively heated braze joint.
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All of the hardware which is used in the fabrication of the fuel
elements will be loaded into magazines and brought into the cell by

means of the cell manipulation and crane system.

Present Status of the Facility and Equipment

The construction of the TURF was started in April 1965 and i1s
expected to be completed in early 1967. All of the oxide fabrication
equipment has been conceptually designed, and a substantial portion of
the detalled design of this equipment has been accomplished. Two 1tems
of oxide fabrication equipment, the vibratory compaction machine and the
fuel transfer machine, are now nearing completion of construction.

We have Just commenced the conceptual design of the equipment for
fabrication of fueled-graphite elements. The accomplishment of detailled
design of a great number of the items in thils process line depends upon
the performance of equipment now being readied for pillot operation and
upon data obtained in other experimental programs which we have under way.

REFABRICATION ECONOMICS

From the experience galned in the operation of the pilot
demonstration in the Kilorod Facility, the design of the TURF and 1ts
equipment and other studies we have conducted, we are in a position to
estimate the cost of refabricating varlous fuel elements, Certainly, our
estimates represent an extrapolation of existing technology; and they wmust
be confirmed by additional and more accurate experience., But, they do
suffice to give an indication of the cost penalties which might be
incurred in the refabrication of fuel under various processing schemes.
Therefore, let us consider two types of fuel elements and assume that
reasonable refinement and improvement of fabrication processes have been

accomplished.
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Method of Anaelysis

In our economlc analyses, one objective has been to do the complete
analysis of the refabrication costs for any reactor fuel element. This
objective requires a tremendous number of calculations. Therefore,
during the past two years we have developed computer programs for the
calculation of the cost of fabricating various types of fuel elements.
The computer programs were written from data evolved in the following
manner, The basic equipment required in the plant was selected and the
uninstalled cost of this equipment was estimated. These costs were
multiplied by various factors to determine the final capital cost of the
fabrication plant. The multiplication factors were obtained from studies
conducted jointly with construction engineers in which detailed plant
layouts were examined for various sizes and types of fabrication plants.
These studies ylelded detalled breakdowns of such cost elements as
bullding construction, equipment installation, instrumentation,
engineering, and preoperation charges. In the computer programs,
equations are included for each step in the process so that, upon
description of the siwe and type of plant in which the fabrication is to
oceur, proper capital costs of that step can be obtained.

Operating costs were determined by similar methods. Material costs
in the manufacture of the product were obtained through consultation
with industrial manufacturers.

Cost of Preparing Fuel Materials by the Sol-Gel Method

As has been previously noted, we favor the use of sol-gel material
as Input for vibratory compaction and for the fueled-graphite process.
The computer programs do not calculate the cost of preparing materials
produced by the sol-gel technique, but the cost of producing such
material has been estimated by Harrington and Chandler.?® Their data are
presented 1n Figs. 13 and 14 for bulk oxide material and spherical oxide
particles, respectively. The cost of sol-gel material preparation is not
included, unless specifically noted, in the fabrication costs presented
in this paper.
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Baslis for Calculatlion of Fabrication Costs

In calculating the fabrication costs which are presented in this
paper, we made the followlng assumptions:

1. The fabrication plants would be single purpose; that 1s, only
one particular type of fuel element would be fabricated.

2. The fabrication plants would operate 260 days per year, three
shifts per day.

3. The plants would be amortized at an annual rate of 22% of the
capltal cost.

The data do not include charges for profit and for inventory or
cost of source or fissionable material. Non-nuclear hardware costs are

included.
Cost of a Typical Metal-Clad Oxide Fuel Element

The reference metal-clad oxide fuel element was the SSCR element
described previously, and the flowsheet was that presented in Fig. 1.
It was assumed that the fuel elements would be autoclaved. Figure 15
shows the effect of mode of fabrication and production rate on the cost
of fabricating the SSCR-type fuel element. As can be seen, the
production rate has a substantial effect on the cost of fabrication.
This cost advantage cannot be realized unless sustalned production of
identical fuel elements 1s allowed. If dimensions or configurations
are changed, then penalties would be incurred for retooling of the
facility.

One comparison of interest in recycling fuel 1s that of the cost
penalties incurred because of 232U concentration in the fuel or because
of 228m in recycle thorium. Figure 16 shows the effect of 232y
concentration on the cost of fabricatlion of the SSCR fuel element in
four plants with different capacities, 60, 230, 930, and 3700 kg/day.
It should be noted that we do not know exactly the transition point
(the first break in the curves) between semiremote and remote operation;
but, as can be seen from the curves it is not mandatory that these
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roints be determined precisely since the cost penalty incurred for
remote fabrication over semiremote fabrication is not substantial. The
recycle thorium case 1s depicted as belng equivalent to 4000 ppm 232y
in heavy metal.

Cost of Fabrication of Fueled-Graphite Elements

The reference fuel element for calculation of fuel fabrication
costs for the HIGR is shown in Fig. 2; the process used in Fig. 3.
Figure 17 presents the effect of mode of fabrication and plant capacity
on fabrication costs of fuel elements containing (U-Th)C, particles.
Figure 18 presents the effect of 232U concentration on fabrication costs
at several different plant capacitles. We should note that the cost
penalty for recycling thorium as discrete particles is quite high at
low production rates because of the necessity of maintaining two
remote production lines, one for 233y and one for thorium. These curves
show that the cost relationships for the HTGR fuel element behave in a
masnner similar to those of the SSCR.

Cost Penalties for Remote Fabrication

Detailed analysis of the data used in the curves previously
presented reveals the Incremental cost factors which can be applied to
slmilar fabrication processes to obtain the refabrication cost if the
cost of the fabricating non-recycle fuel is known. Tables 5 and 6 present,
respectively, the ratios of remote fabrication cost to hooded fabrication
cost for SSCR and for the fueled-graphite element.

It 1s clear that the capltal and operating factors decrease as plant
capacity increases. The decrease in these factors with plant capacity
1s understandable because there are certain costs which are only first
costs in remote operations. For example, health physics facilities are
required in a 60 kg/day plent as well as a 3700 kg/ﬁay plent; and
probably the facilities would be of the same type and very nearly the
same size in both cases. Thus, we are observing the effect of more
efficient utilization of certain service persomnel and facilities in the
larger plants.
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Table 5. Cost Ratios for Comparison of Remote
and Hooded Plants Fabricating SSCR Fuel Elements®

Plant Capacity (kg heavy metal/day)

60 230 930 3700
Ratio of Remote to Hooded Cost

Capital 1.23 1.21 1.18 1.14
Operating 1.52 1.38 1.41 1.34
Total (including hardware) 1.29 1.21 1.15 1.10

850 ppa 232y in heavy metal; virgin thorium.

Table 6., Cost Ratlios for Comparison of Remote and
Hooded Plants Fabricating (U-Th)C, Particles®

Plant Capacity (kg heavy metal/day)

60 230 930 3700
Ratio of Remote to Hooded Cost

Capital 1.87 1.79 1.73 1.75
Operating 1.47 1.43 1.37 1.37
Total (including hardware) 1,53 1.42 1.34 1.35

850 ppm 232U 1n heavy metal; virgin thorium.




46

The cost ratios for the SSCR fuel elements and the HTGR fuel
elements are different. This 1s because a greater number of the
operations involved in the fabrication of SSCR fuel elements are done
external to the remotely operated facilities and do not incur the
penalties for remote fabrication. This point can be further
illustrated by Table 7, which presents the cost ratios for comparison
of remote and hooded plants fabricating fueled-graphite elements
containing discrete particles of UC,; and ThCp. In this particular
case, a great portion of the fabrication (the conversion and coating
of virgin thorium oxide) is done in facilities which are hooded. -
Therefore, the cost ratios are considerably lower than those presented
in Fig. 6 for plants fabricating fueled-graphite elements containing -
(U-Th) C, particles.

Table 7. Cost Ratlos for Comparison of Remote and
Hooded Plants Fabricating UC, and ThC; Particles®

Plant Capacity (kg heavy metal/day)

60 230 930 3700
Ratio of Remote to Hooded Cost

Capital 1,29 1.20 1.18 1.09
Operating 1.26 1.22 1.18 1.16 R
Total (including hardware) 1.24 1.16 1.12 1.08

850 prm 232U in heavy metal; virgin thorium.

SUMMARY

The 1nvestigation of the technology for refabrication of bred fuel
1s just beglinning. Much more evaluation needs to be done and much thought
must gu Into systems required for recycle of such fuel. However, it is
encouraging that the cost penaltlies assoclated with the refabrication of

such fuel do not appear prohibitive.
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Recycle fuel in the thorium-uranium-233 fuel cycle will very
probably require remote fabrication. This probability dictates that the
fuel element design be simple and be optimized for minimal cost and that
the processes be simple, easy to operate, short, and capable of being
done remotely. Furthermore, we must take into account the fact that
some operations which typify the fabrication of non-recycle fuel are not
economlcally feaslble in remote situations.

In the cost analyses, we have been reasonably optimistic in that we
have assumed the satisfactory solution of certailn of the problems which
have been previously mentioned. This does not mean, however, that present-
day practices can be directly applied to remote fabrication technology.
It 1s, therefore, clear that we must press development in a number of
areas if we are to attain economical Th-233y recycle technology for any
particular type of reactor.

We are conducting a comprehensive program at the Oak Ridge National
Laboratory almed at meeting the obJectives of economical recycle of fuel.
With further development of the pllot-scale demonstration of methods for
vibratory compaction and for preparation of particles for fueled-graphite
elements, we should have a much better basls for the deslign of equipment
for remote fabrication of fuel in the TURF. Once we have designed and
operated equipment in the TURF, we shall have a much better basis than
we do now for evaluation of the technical feasibility and cost of
refabricating fuel elements of any particular type.
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ABSTRACT

Head-end and solve :t extraction processes are
described for two classes of thorium-bearing power
reactor fuels: (l) massive graphite elements con-
taining pyrolytic-carbon-coated thorium-uranium
oxide or carbide particles, and (2) metal-clad
elements containing thorium-uranium metal, oxide
or carbide cores. Burn-leach, declad-dissolve and
shear-leach head-end methods are described in de-
tail. Solvent extraction flowsheets for recovering
both the thorium and uranium or the uranium only
are presented. The technical and economic aspects
of these processes, including the interim and ulti-
mate waste disposal problems, are discussed, by
comparison with processes for standard uranium fuels.






1. INTRODUCTION AND SUMMARY

This paper reviews U. S. developments in the field of chemical
reprocessing of thorium-bearing spent fuels from nuclear reactors. In
order to limit the length of the paper, consideration is restricted to
fuels of the most promising reactor types in the U. S. advanced converter
reactor program. Emphasis is placed on the differences in reprocessing
methods and costs between these thorium fuels and standard low=-enrichment
uranium metal or oxide fuels clad in aluminum, zirconium, or stainless=-
steel alloys. The relationship between reprocessing and the rest of the
fuel cycle for the most important proposed thorium-uranium recycle schemes
is discussed. Head=-end processes, starting with irradiated fuel elements
and ending with a nitrate solution suitable for feed to solvent extrac-
tion, are described for the various fuel types. Solvent extraction flow-
sheets for separating the uranium and thorium from each other and from the
fission products are evaluated. The interim and ultimate waste disposal
problems associated with the various recycle schemes, head-end processes
and solvent extraction flowsheets are presented. Finally, comments are
made on the costs of reprocessing thorium fuels, by comparison with stan-
dard uranium fuels and with respect to the economic problems associated
with sizing and starting a reprocessing plant when the fuel load is small
initially but promises to increase substantially with time.

Primary consideration is given to (1) pyrolytic-carbon-coated
thorium~uranium oxide or carbide microspheres contained in massive
graphite fuel elements, i.e., fuels for "Target" type high-temperature
gas~-cooled reactors (HTGR); and to (2) thorium-uranium metal, oxide or
carbide clad with zirconium or aluminum alloys, which includes fuels for
heavy-water-cooled-and-moderated reactors (HWR), heavy-water-moderated
organic-cooled reactors (HWOCR), and also spectral-shift-control reactors
(SSCR) and light-water-cooled-and-moderated seed-blanket reactors (SER or
IPR). For comparison purposes, standard fuel reprocessing methods and
costs are assumed to be those typical of Hanford, Savannsh River, and
the Nuclear Fuel Services plant. The thorium fuels all are non-standard
in at least some of the following aspects:

(1) Graphite, carbon and carbide type fuels may require pre-
treatment steps, such as burning or pyrochydrolysis or
grinding, not presently provided in industrial-scale
reprocessing plants.

(2) Thorium fuels in general require more powerful dissolvents,
e.g., more concentrated nitric acid and the presence of
fluoride as a catalyst, than uranium fuels to get accept-
able dissolution rates, and even so may dissolve at
significantly lower rates than similar uranium fuels. The
use of these dissolvents may complicate the succeeding
feed adjustment, solvent extraction and waste disposal
steps as a result of enhanced corrosion and dissolution of
part or all or the cladding material along with the thorium.



(3) Thorium fuel dissolver solutions usually require a feed
adjustment step to remove excess acid, perhaps all the
way to an acid-deficient condition, (and perhaps also to
decompose organic compounds in the case of carbide fuels
after low-temperature hydrolysis or leaching) prior to
the solvent extraction step.

(4) 1In solvent extraction, the phase equilibria and the con-
tacting problems associated with third-phase formation
are such that thorium fuels typically must be processed
through a given size of equipment at a lower rate than
uranium fuels.

(5) Thorium fuels as a class tend to have higher economic-
optimum fissile enrichments and burnups than uranium fuels,
and this may lead to throughput-rate limitations or other
processing restrictions, because of criticality control
or permissible fission product off-gas release, etc.

(6) The fact that 233U production involves the relatively
slow decay of 27-day 233Pa and the growth of the gamma-
active daughters of 232U and 228y into the recovered
products complicates the pre- and post-processing handling
of thorium fuels by comparison with uranium fuels.

(7) If thorium is recovered, the 28T and 234 in it will
cause it to have a lower market value than virgin thorium,
because of the extra fabrication costs involved, and it
may even have & negative value in the sense that the
cheapest thorium recycle scheme might include 10- to 15-
year storage of the recovered thorium to provide for de-
cay of the 228y,

(8) 1If thorium is not recovered and/or if aluminum nitrate
is used as a salting agent in solvent extraction, the
high-level fission product waste will have to be stored
in larger volume in the acid condition in stainless-
steel tanks, which is more expensive than the highly
concentrated, neutralized storage in mild-steel tanks
of wastes from standard uranium fuels.

Some of these differences can involve an increased cost of a factor of
two or more on a weight basis, or masy even prevent the processing of
certain fuels, in a plant designed for standard uranium fuels. Because

of their higher burnup and/or thermal efficiency, some thorium fuels can
stand the increased cost-per-unit-weight without incurring much of a cost-
per-kilowatt-hour penalty; but for other fuels, especially those which
cannot be processed in existing plants, the disadventage is quite serious.

On the other hand, design and cost studies reviewed in this paper
show that reprocessing plants built specifically to handle thoriume~bearing



fuels, using processes described in this peper, could process these fuels
at only slightly higher cost per unit weight than standard wranium fuels,
hence permitting the thorium-fueled advanced converter reactors to take
almost full advantage of their higher burnup and/or thermal efficiency
in achieving lower power costs. Thus, the fuel processing problems of
thorium-fueled reactors are viewed as temporary "start-up" problems,
perhaps involving some Initial economic disadvantages for the early
thorium-fueled advanced converters, but which will fade away as the
industry reaches a reasonable size,



2. HEAD-END PROCESSES

2.1 Burn-Ieach Processes for HTGR Fuels

This discussion will be limited to processing methods for HTGR fuels
that contain pyrolytic carbon-coated thorium-and/or-uranium carbide or
oxide fuel particles 1n massive graphite elements. A promising process-
ing method consists of burning the fuel in a fluidized bed of lnert
alumina and then leaching with fluoride-catalyzed nitric acid (Thorex
reagent) to recover the uranium and thorium,? Laboratory- and engineer-
ing-scale studies of this process have been made with unirradiated
prototype fuel specimens, and a few hot-cell experiments have been
carried out with irradiated material.

The burn-leach process for graphite-base fuels is shown schema-
tically in Fig. 1. Initially, the fuel is chopped or crushed to a con-
venlent size for handling and fed to a fluidized-bed burner where it is
burned at TOO to T50°C in a fluidized bed of granmular alumina. Burning
is started by injecting preheated oxygen into the fluidized bed and
simultaneously heating the bed by external heaters. When the fuel starts
to burn, the heaters are turned off, and the heat of reaction is removed
by alr-cooling the bed. For efficiency, continuous operation, with
feeding of fuel, fresh alumina, and oxygen to the burner, and withdrawal
of ash, all at the proper rates, is preferred., Under normal operation,
nearly quantitative consumption of the oxygen is achieved, resuiting in
an off-gas composed mainly of COp with less than 5% of carbon monoxide
in the off-gas. Particles in the off-gas are removed mostly by filters,
and a gas=-cleanup system prevents the release of all radiocactivity except
the noble gases. After burning, the product bed 1s transferred to a
leacher where the uranium and thorium are dissolved. The alumina may be
recycled or discharged to waste. Uranium and thorium recoveries should
be greater than 99.5%.

Design of the burner and the leaching system may be dependent on
the type of fuel being burned and whether it is desirable to prevent
isotopic mixing of the high 236U content material remaining in the fueled
particle and the freshly bred 233U in the thorium particle. Burning of
fuels containing carbon-coated Th-U dicarbide particles converts the car-
bides to finely powdered oxides, dispersed homogeneously throughout the
bed. Consequently, to recover the uranium and thorium, the entire bed
must be leached. However, oxide fuel particles of high ThOp content may
not be affected during combustion in a fluidized bed and probably could
be separated from the alumina if desired before the leaching operation.
This leads to the possibility of preventing isotopic mixing by a physical
separation or by a selective chemical dissolution to separate the ThO»
particles containing the bred 233U from the UsOg derived from either
uranium carbide or uranium oxide fuel particles.
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2.1.1 Fluldized-Bed Combustion of GraphitehBase Fuel

2.1.,1,1 Fuels Contalning Carbon-Coated Carbide Particles. Tests of
the combustion of fuel containing carbon-coated carbide fuel garticles
were conducted in 2-in.-diam and 4-in.-diam fluidized beds.Z’ The
hain,-diam fluldized bed (Fig. 2) used at Osk Ridge National Leboratory
for pilot plant studies had the essential features of a plant-size burner.
The unit was made of nickel 201, although type 310 stainless steel would
probably be preferred for a large-scale burner because of the better
high-temperature mechanical properties of this material. The fluidized
bed of alumina was an efficient heat-transfer medium and it diluted and
suspended the fuel oxldes formed during combustion so that the product
was a free-flowing powder. The combustion was easily controlled and
good operation, with loading of the alumina up to 30 wt 4% U-Th oxides, .
was achieved when the starting bed was composed of equal parts of 60~
and 90-mesh fused alumina. Attrition of the alumina was negligible in a
one-week test.Z -

In a typical experiment, chopped or crushed fuel was added to approx-
imately 20 kg of alumina, and the bed was heated to the ignition tempera-
ture of 650°C. Bed centerline temperatures and wall temperatures were
held at about 750 and 700°C, respectively, by air-cooling the finned
exterior of the fluldized bed. The COp and CO contents of the off-gas
were continuously monitored and were relatively constant when there was
an excess of carbon in the burner. A decrease in the COz and CO contents
showed that the carbon inventory in the bed was being depleted and more
fuel was added as needed to maintain the desired oxidation rate. Alumina
was added periodically when product was continuously withdrawn. Any
small particles of carbon entrained in the alumina below the grid were
rapidly burned in the hot oxygen, and it was possible to continuously
withdraw a product stream containing less than 0.1% carbon and 30 wt %
U-Th oxides from the bottom of the bed. Toward the end of a combustion
run, when the carbon concentration in the bed was low, 1t was necessary
to supply heat to the burner to ensure combustion of the last traces of
carbon. The superficial gas velocity in the bed was about 0.76 ft/sec at
the bed mid-point pressure of 17.6 psia and average temperature of 725°¢C.

Continuous oxidation rates verying from 1.1 to 1.4t kg of carbon per
hour were obtained in pilot plant tests with a Y-in.-diem fluidized bed
by varying the oxygen flow rate over the range of 1.5 to 1.6 scfm.

Oxygen utilization decreased from 97 to 90% as the flow rate was increased.
The heat transfer coefficient from bed to wall was estimated at 85 Btu
hr~! £t~2 OF and temperatures could be easily controlled by air cooling
the finned outer wall. Plugging of the filters was not a problem, and

the filter blowback system was not used during routine operations. Micro=-
pore filtration®’% of the off-gas showed that practically no particles
escaped through the primary sintered-metal filters. The typical off-gas
consisted of asbout 90% COz, 5% CO, and 5% Op. Corrosion of the burner

was negligible.a
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2.,1.1.2 Fuels Containing Carbon-Coated Oxide Particles. To date,
no fuel containing carbon-coated ThOz and U0z or mixed ThOz-U0z micro-
spheres has been burned in & fluidized bed. A potential problem with
this fuel arises from the uncertainties concerning the integrity of the
ThO- or mixed ThOo~UOz microspheres after irradiation to projected
burnups of 50,000 to 80,000 MWd/MT. If the ThOz or mixed ThOs-UOp
microspheres retain their shape, it might be possible to separate them
from most of the alumina after burning the carbon. This might result in
a simpler leaching system in that only the fuel particles would be fed to
the leacher. For example, preliminary tests have shown that ThOo-UQp
particles containing up to 75% ThO» are unaffected by oxygen at 800°C
while pure UOp is readily oxidized to UzOg. However, if the particles
are broken during irradiation or combustion, they will be dispersed
throughout the alumina with the Us0g derived from oxidation of the UQz
seed particles; thus all the alumina must be leached.

2.1.1.3 Fuel and Reprocessing Systems to Permit Segregation of 236y
In the TARGET concept® for the HTGR, the uranium fuel particles after
irradiation contain a relatively large amount of 238U, the recycle of
which is undesirable if high conversion ratios are to be achieved. Some
possibilities for the design of the fuel and the reprocessing system to
permit the 236U to be withdrawn from the fuel cycle are given in the
following table, which assumes fluidized-bed oxidation of the fuel as
the first step:

Fuel System Segregation of the U23® might be
Fuel Particle Fertile Particle achieved by:

U0z ThOo (1) Leaching the ash with ggéute
nitric acid to remove the 16Ug0g

UCz oz before dissolving the Th0»-233U0,

particle in Thorex reagent.,

or (2) Physical separation of the
Th02-2 3U02 from the alumina con-
taining the 235,6U50g.

This table oversimplifies the problem, since there are many possibilities
for including refractory materials (such as Zr0s, ZrC, SiC, BeO, etc.)

in the fuel or fertile particle or as a coating for the same. Obviously,
this would complicate the reprocessing of these fuels.

2.1.1.t Fission Product Behavior During Combustion. The behavior
of the fission products was not studied during actual fluidized-bed com=-
bustion but was examined cursorily in laboratory-scale tube-furnace
experiments. In one series of experiments,® in which a large excess
of oxygen was used to burn prototype Peach Bottom fuel irradiated to
about 10,000 Mwd/MT, up to 35% of the cesium and 96% of the ruthenium
were volatilized from the high-temperature zone during 6~hr combustions
at 800°C. Experiments? in the same equipment with a slightly irradiated
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fuel at T00°C showed that up to 1.1% of the cesium and 65% of the
ruthenium were volatilized in 6 hr, thus illustrating the desirability
of low combustion temperatures. In each case, practically all the
fission products were trapped in the cool end of the reaction tube and
nearly all remaining activity was removed by filtering the off-gas
through a sintered metal filter. The overall decontamination factor was
greater than 10% in all experiments. In other studies® only a small
amount of cesium and ruthenium were volatilized from the hot zone when
the fuel was burned in a deficiency of oxygen at 800°c.

Supplemental treatment of the off-gas may be required. An attractive
method might be to mix steam with the off-gas, condense the vapor, and
then filter through absolute filters. Waste-calcination work®s»1© indi-
cated that a system combining sintered-metal filters, condensation of
vapor, and finally absolute filtration can yield decontamination factors
> 108 for the off-gas. If rare gas retention ever becomes necessary for
the reprocessing plant, the large amount of COz in the off-gas may be a
serious problem for the rare gas retention system.

2,1.2 leaching of Fluidized-Bed Products

2.1.2.1 Products from Fuels that Contain Carbon-Coated Carbide
Particles. An efficient bench-scale batch leacher was devised® in which
the leaching acid was recirculated upflow at a low rate through the bed,
fluidizing the bed for better contact of the solids and the acid. After
leaching, the product solution was drained from the bed, and the bed
was washed with water. The bed material for these studies was produced
by burning unirradiated Peach Bottom fuel compacts (carbon-coated Th-U
dicarbide particles dispersed in a graphite matrix) in a fluidized bed
of Norton RR alumina at 700 to 750°C. In laboratory-scale 5-hr leaches,
more than 99.5% of the uranium and thorium were recovered when the HNOgz
concentration was 4 M or higher, and when the HF concentration was 0.02
to 0.05 M. Uranium and thorium recoveries were inadequate with 13 M HNOs
and with 2 M HNOz - 0.05 M HF. Iess than 2% of the alumina was dissolved.

2.1.2.2 Products from Fuels Containing Carbon-Coated Oxide Particles.
We have not yet done experiments with fuels containing carbon-coated
mixed ThO2-UOz particles. Ieaching of uranium and thorium may simply
involve dissolution of ThO,-UOo microspheres in the presence of a small
amount of alumina if the microspheres are physically separated from the
alumina after burning. Laboratory tests showed that unirradiated ThOz-
UO> microspheres probably cannot be dissolved readily in a dilute Thorex
solution; however, dense 300- to 600-p~-diam ThOp microspheres were
dissolved in 3 to 6 hr in boiling 13 M HNO3-0.05 M HF, even in the pre-
sence of a large excess of alumina. In other studies,?'”!3 irradiated
Th05-UO> pellets appeared to dissolve faster than unirradiated oxide,
and a 6=hr dissolution period is estimated to be adequate.
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2.1.5 Conceptual Design for a Large HTGR Fluidized-Bed Burner and
Jeacher System

A conceptual design was prepared! for a head-end reprocessing
facility to permit reprocessing HTGR fuel at a multipurpose reprocessing
plant (e.g., the Nuclear Fuel Services, Inc. plant). The conceptual
design of a large burner is shown in Fig. 3; it is a scaleup of the
pilot plant burner and would be operated similarly. Provisions for
removing heat from central portions of large fluidized beds must be made
to avoid excessive centerline temperatures. It was assumed that the
fuel contained only mixed ThOo=UOp microspheres, that the microspheres
would not be broken, and that a classifying operation after burning
would permit leaching the microspheres in the presence of very little
alumina. The conceptual design of the leaching and feed adjustment
system is shown in Fig. 4. For criticality control, use of two geome-
trically safe slab leachers in series is envisaged for dissolving prac-
tically all the fuel particles before the solution and alumina slurry
flow into large-diameter feed adjustment vessels. The leachers would be
equipped with thermosiphon heating and solids pumping loops and would
operate continuously in series. Ieachant would be pumped into the first
slab-shaped tank and maintained at its boiling point throughout the
leaching system. Solids and solution from the first leacher would over-
flow continuously into the second one. Alumina would be transported
through the system without being attacked appreciably by the dissolvent.
Solution from the second leacher would be transferred to a feed adjust~
ment system where any small fuel particles still remaining in the leacher
overflow would be dissolved rapidly.

A conceptual design of a complete HTGR head-end facility is shown in
Fig. 5. It provides for fuel element receipt and storage, crushing,
burning, leaching, and feed adjustment for up to 4O elements per day and
up to 225 days per year in two parallel processing lines. The elements
were assumed to be 4.5-in,-diam., 20-ft long graphite logs, each contain-
ing 107 kg of carbon plus 10.9 kg of thorium plus uranium plus fission
products. A total capital investment of about $9 million was estimated
for construction and start-up of this facility:

Bullding, Cells and Services $2,787,000
Process Equipment 1,098,000
Process Piping 906,000
Process and Radiation Instrumentation 550,000
Site Improvements and Utilities 481,000

Subtotal  $5,622,000
Design and Contingency 2,811,000
Interest, Working Capital 607, 000

TOTAL $9,04%0,000
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2.2 Chemical Decladding and Dissolution Processes

In this section we will consider primarily thorium-uranium oxide,
metal and carbide fuels clad in zirconium or aluminum alloys, with only
limited discussion of other fuel types such as those clad in stainless
steel, since they are of less interest in advanced converter reactors.

2.2,1 Zirconium- or Zircaloy-Clad Fuels

Zirconium claddings can be separated chemically from core materials
by either aqueous or non-aqueous methods. The aqueous method (zirflex
process) involves dissolution of the cladding in ammonium fluoride-
ammonium nitrate solutions.'?"17 The non-aqueous techniques are oxidative
disintegration in HF-0p mixtures,8-2° the Thermox process,2! and hydro-
chlorination (Zircex process).22 After decladding, the core materials
are dissolved in appropriate reagents in preparation for solvent extrac-
tion recovery of the uranium and thorium. Each of these methods will be
discussed briefly below.

2.2,1.1 Zirflex Decladding.'?"17 Zirconium or Zircaloy claddings
are readily dissolved in boiling 4 to 6 M NH4F--0.5 to 1 M NH4NOz. The
overall reaction is approximated by the equation:

Zr + 6NH4F + 0.5 NH4NOs —» (NH4)2ZrFe + 5NHs + 1.5H20.

Actually, about 0.1 mole of hydrogen is also evolved per mole of zirconium
dissolved. In the absence of ammonium nitrate a gas having the composi-
tion 33% Hg--67% NHs is liberated. The average dissolution rate of
Zircaloy=-2 that has been exposed to high-temperature air or water is

about 5 mg min~?! cm™2; thus, a 30-mil-thick cladding is penetrated in

2 to 3 hr. Since the solubility of (NH4)oZrFs at 259C decreases markedly
with increasing excess NH4F concentration, the most concentrated decladding
waste solutions are obtained by consuming as much of the ammonium fluoride
as possible. To optimize both dissolution rate and volume of waste solu-
tion, the decladding is conducted with an overall F/Zr atom ratio of
about 7, meking the maximum attainable zirconium concentration in the
waste solution about 0.6 M. Pilot plant studies with unirradiated fuel'”
showed that the ammonia must be removed from the dlssolver continuously
to prevent an increase in pH of the solution and subsequent precipitation
of zirconium oxide, which causes a marked reduction in the rate of reac-
tion., Ammonia removal was effected by using a high boilup rate and a
high temperature in the downdraft condenser or by steam sparging at a

rate that maintained a constant liquid level in the dissolver. Suitable
materials of construction for the dissolver were stainless steel or
Nionel. The decladding solution probably will require centrifugation to
recover core material fines prior to discharge to the waste system.

Preliminary experiments®® with unirradiated ThOp-UOz,7 fuel pellets
(4.2% UO2,7, 83% of theoretical density) indicated that zirconium
claddings could be dissolved in 6 M NH4F--1 M NH4NOs with attendant
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uranium and thorium losses of less than 0.4%. Even lower losses are
expected with higher density ThOo~UOo fuel. No studies of the decladding
of irradiated Zr-clad ThO05-UO- have yet been made; however, soluble
uranium and plutonium losses in the decladding of Zircaloy-clad UOp
irradiated up to 17,700 Mwd/MI' averaged only about 0.05%.2* Thus, Zirflex
decladding of thorium oxide core fuels appears feasible.

No data appear to exist on the behavior of Th-U alloy in ammonium
fluoride solutions. Uranium metal is attacked!® at a rate of about 0.05 g
hr™! em™2 in boiling 6 M NH4F with the rate increasing about a factor of
2 when the NH4NOs concentration of the solution is 0.5 to 1 M. If Th-U
alloy were attacked at a compareble rate, a significant fraction of the
alloy would be converted to insoluble ThF4 and UF4. Consequently, the
practicability of Zirflex decladding for Th-U alloy fuel is questionable
at this time.

Reaction of ThC-UC with ammonium fluoride solutions has not been
investigated. If the irradiated carbide were not passive (irradiated UC
is passive in boiling water and 6 M NaOH®®) hydrolysis with NH4F would
be expected to yield solid ThF,4-UF4 and a gas composed mainly of methane
and hydrogen.26s27 This formation of an insoluble fluoride would be
highly undesirable.

2.2.,1.2 Non-Agueous Decladding.18'2° Treatment of Zr-clad fuels
with HF-Oo, with steam, or with HCl in fluidized beds of inert alumina,
such as Norton RR and Alcoa T-61 grades, results in a product from which
uranium and thorium can be recovered by acid leaching. Reaction of
zirconium or Zircaloy with a gaseous mixture of HF and oxygen results in
conversion of zirconium to ZrO- and simultaneous disintegration of the
cladding. Optimum conditions appear to be about 625°C and a gas mixture
containing 20 to 40% HF.® The penetration rate is at a maximum of about
40 mils/hr with 40% HF--60% Oz at 625°C., The product bed can contain a
total of up to about 4o wt% ZrOo plus core oxides such as Us0g and ThOp,
and always contains 3 to 8% fluorine. This amount of fluorine is very
high relative to the amount of uranium (F/U atom ratio in the bed usually
is 1 to 3). Thus, removal of the fluorine by pyrohydrolysis prior to
leaching is recommended. In laboratory-scale experiments, greater than
90% of the fluorine was removed from typical product beds in h-hr reac-
tions with steam (1 atm pressure) at 600°C. During HF-Op decladding, UOz
cores are converted primaerily to UsOg powder which is dispersed throughout
the bed. The behavior of ThOz-U0», Th-U, and ThC-UC in this system has
not yet been tested. It is expected, however, that both the alloy and
carbide would react, although perhaps slowly. Mixed oxide of high ThOp
content would be expected to be relatively inert.

A similar technique for converting zirconium claddings to ZrOp powder
involves reaction of the cladding with oxygen-water vapor mixtures at
about 825°C using nitrogen as a catalyst.®! This "Thermox" decladding
of Zr-clad U0, followed by oxidation of the U0z to UzOg, and leaching
of the product with nitric acid gave uranium recoveries of greater than
99%. The Thermox method has not been tested with Th-U alloy or ThOz-UO2



18

fuels. Of the core materials being considered, only the carbide would
be expected to react rapidly with the decladding reagent,

An alternative non-aqueous decladding route is removal of the zir=-
conium cladding as volatile ZrCly by reaction with HC1l at about 500°¢,22
The ZrCl, would be converted to ZrOs in a separate fluidized bed by
reaction with steam allowing disposal of the cladding as a solid waste.
The application of this "Zircex" process to thorium-bearing fuels has
not yet been studied. Again, only the carbide core materials would be
expected to react with the HCl during decladding. The oxide fuels are
practically inert.

2.2.,1.3 Core Dissolution. After decladding, the core materials
would be dissolved to produce solutions suitable as feeds for a solvent
extraction recovery system. Thorium metal, thorium oxide, and ThOp-UOo
mixtures dissolve in nitric acid containing small amounts of hydrofluoric
acid as catalyst (fluoride-catalyzed nitric acid).25,28 Dpissolution of
unirradiated ThOz-UOz in the optimum reagent, 13 M HNO3--0.05 M HF, is
slow, with up to 40 hr being required for a batch dissolution yielding
alM Th(N03)4--9M HNOsz solution. Irradiated ThOp-U0Oz dissolves much
more rapidly, regardless of method of preparation. DPelletized, arc=-fused,
and sol-gel-derived oxides (about 5% UOn) were greater than 99.9% dissolved
in about 7 hr after irradiation to 3000 to 98,000 Mwd/MI(U + Th),l1-13,29
Irradiated thorium metal fuel has been processed on a pilot-plant scale,3°¢?31
Metal slugs were dissolved in boiling 13 M HNOz--0.04 M HF using an 8~hr
dissolution period and leaving a 100% heel. The dissolution product was
6.5 M in HNOz and 1 M in Th. Thus, a feed adjustment step is probably
required after dissolution of both Th0p-UO2 and Th-U alloy to provide
suitable feed solutions for solvent extraction.

After non-aqueous conversion of the cladding to ZrOp, or its removal
as ZrCl,, the product bed would be transferred to another vessel and
leached with fluoride-catalyzed nitric acid. Tests with simulated Zr-
clad sol-gel ThOp-UOo fuel that had been treated with HF-Op showed that
when the fluorine present in the product bed is removed by pyrohydrolysis,
greater than 99% of the uranium and thorium, but only up to 15% of the
ZrOp, are leached in 5 hr with boiling 15 M HNO3--0.05 M HF. The product
solution was about 0.2 M in Th, 0.02 M in U, 0,02 M in Zr, O.1 M in F,
and 0.03 M in Al. If the fluorine had not been removed from the bed
prior to leaching, up to 70% of the Zr0o and 90% of the fluorine would
have been leached and the product solution would have been about 0.2 M
in ™, 0.1 M in Zr, and 0.4 Min F. In all tests with fluidized-bed
products, less than 2% of the alumina was dissolved. The leached alumina
can, therefore, either be recycled or discharged to waste,

Dissolution of ThC has recelved only slight attention. Preliminary
laboratory studies32 indicate that arc-melted ThC dissolves readily in
boiling fluoride-catalyzed nitric acid but only slowly in nitric acid
itself. Dissolution in fluoride-catalyzed nitric acid results in a large
fraction of the carbide carbon being converted to soluble organic species
such as oxalic acid and mellitic acid, In this respect, the behavior
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of ThC is identical to that of the uranium carbides in nitric acid.3
Preparation of a suitable solvent extraction feed would, therefore,
probably require dissolution of the ThC-UC in 15 M HNO3--0.05 M HF
followed by digestion of the resultant solution in acid permanganate to
oxidize most of the soluble organic species. Such a process was tested
on a laboratory scale with irradiated UC specimens.34 An alternative

to direct dissolution in nitric acid solutions is pyrohydrolysis of ThC
followed by dissolution of the resulting T™hOz in fluoride-catalyzed
nitric acid. Although this method has not yet been studied, it is
expected that ThC will behave like UC. Uranium monocarbide reacts
rapidly with steam at 700 to 750°C, to give U0z, COz, CO, and hydrogen.>*
Pyrohydrolysis of irradiated UC resulted in practically no volatilization
of fission products. Combustion, in oxygen, is an alternative to pyro-
hydrolysis for carbide fuels, although the rate of oxidation of arc-
melted carbides at TOO to 750°C is lower than the rate of reaction with
steam. This fact, and the possibility of volatilizing ruthenium and
cesium during combustion, makes the pyrohydrolysis method an attractive
non-agueous approach.,

Other core materials such as UOp-ZrOp and Th-Zr alloy have been con-
sidered for various reactors. No satisfactory aqueous dissolution process
is evident for UOz-ZrQp, but it might be possible to dissolve the alloy
in fluoride-catalyzed nitric acid.

2.2,2 Aluminum=-Base Clad Fuels

Dispersions of AlpOsz in aluminum (designated as SAP or AMP) are
being considered as fuel claddings, especially for organic-cooled reactors.
Very little work has been done on the processing of SAP-clad fuels.
Preliminary laboratory-scale experiments show that SAP can be dissolved
either in NaOH-NaNOs solutions or in Hg-catalyzed nitric acid solutions.
In experiments using boiling 2 M NaOH--1.78 M NaNOgz (Na/Al atom ratios
of 2 and h), the initial dissolution rate of a SAP sample containing
about 6% Al-0; was about 20 mg min~™' em™2. This rate is high enough to
allow penetration of a 30-mil-thick clad in 2 to 3 hr, and is about the
same as that obtained for pure aluminum under the same conditions.
Reaction with the NaOH-NaNOs solution left an Alz05 residue corresponding
to about 80% of the alumina in the original sample. On the other hand,
dissolution of the SAP in boiling I M HNOg3--0.005 M Hg(NOz)o (HNOs/Al
mole ratios of 4 to 8) resulted in p;éctically complete solubilization
of the sample, although the rate of reaction was much lower than that
obtained in NaOH-NaNOs solution. Complete dissolution required sbout
20 hr; the initial rate of dissolution was only about 0.5 mg min~t em”2,
In contrast, type 25 aluminum and extruded 15% U--85% Al alloy dissolved®>
under the same conditions st rates of about 140 mg min~*! cm™2,

Soluble losses of uranium and thorium in caustic decladding should
be negligible with each of the core materials being considered. Although
unirradiated ThC reacts readily with NaOH solutions,seit is highly pro-
bable that after irradiation the carbide will be inert, as is the case
with uranium carbide.®® If this is true, caustic decladding of carbide
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(and the other types of) fuels probably would be a practicable approach.

2.2.3 Stainless Steel-Clad Fuels

Stainless steel claddings can be chemically separated from core
materials either by agueous or non-aqueous methods. The aqueous method
(Sulfex process?»37=40) involves dissolution of the cladding in boiling
4 to 6 M HoS04. The non-aqueous method is oxidative disintegration in
HF-0p mixtures,!8=2°

2.2.3.1 BSulfex Decladding. With a 200% stoichiometric excess of
boiling acid, the initial dissolution rate increases from about 2 to
30 mg min~t em™® as the sulfuric acid concentration increases from 2 to
8 M. In cold pilot plant studies, penetration rates of 3 to 4 mils/hr
were obtained in a recirculating dissolver.%® Stainless steel that has
been in contact with high-temperature water may be passive to sulfuric
acid; in this event, dissolution is initiated by contacting the fuel
with a piece of soft iron. The solubility of stainless steel sulfates
at 25°C decreases from about 80 to 20 g of stainless steel per liter as
the sulfuric acid concentration increases from 2 to 8 M.32 Nionel appears
to be suitable as a material of construction for the dissolver.

Irradiated UO- and ThOo~UOo are practically inert to boiling 4 to
6 M HoS04. Decladding of stainless steel-clad UOp fuel specimens that
had been irradiated up to 28,200 Mwd/MT resulted in soluble uranium and
plutonium losses of only about 0.05%.2% similar experiments with stain-
less steel-clad ThOo-UOp fuelll=!® irradiated up to about 25,000 Mwd/MT
showed that uranium and thorium losses were 0.5% or less. No tests have
been made of the reactivity of irradiated Th-U alloy in sulfuric acid;
however, experiments with unirradiated uranium metal®® showed it to be
relatively inert to boiling 2 to 8 M HoSO4. The reaction of ThC with
sulfuric acid has not been studied; however, both unirradiated UC and UC
irradiated up to 6000 Mwd/MT reacted with 6 M HpSO4 at 80°C yielding a
gas composed mainly of methane and hydrogen and a solid which was probably .
U(S04) 2°4H50.25 Conversion of the uranium to an insoluble sulfate is
highly undesirable; thus, the use of Sulfex decladding for carbide fuels
will probably not be practical, .

After Sulfex decladding, the core materials would be washed and
dissolved by the techniques described in Section 2.2.1.3.

2.2.,3.2 HF-0p Disintegration. Stainless steel-clad fuels react with
gaseous HF-0Op mixtures in a fluidized bed in a manner similar to that of
zirconium,'®"2° The stainless steel is converted to its respective oxides
at the optimum temperature of about 650°C at a rate of about 60 mils/hr.
The optimum gas composition appears to be about 40% HF--60% 0Oz. Bed
products containing up to 30% Uz0g and 15% stainless steel oxides have
been produced from stainless steel-clad U0z fuels. After removal of the
fluorine by pyrohydrolysis, leaching with 1 to 15 M HNO3 resulted in the
recovery of greater than 99.9% of the uranium. The product solution was
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about 0.2 M in U, The amount of iron oxide dissolved increased from 16
to 85% as the nitric acid concentration increased from 1 to 15 M. As
discussed in Section 2.2,1.2, the effect of HF-Os on carbide, metal, or
Th0,-UO0» cores has not yet been investigated.

2.3 Mechanical Head-End Processing

The mechanical approach to head-end processing of spent reactor
fuels has been investigated during the past eight years in the U. S. The
investigation has included disassembly, mechanical decladding, grind-
leach, and shear-leach methods. ©Some of these pre-chemical mechanical
treatment methods may offer attractive alternatives to the heretofore
discussed chemical processes for thorium-bearing advanced converter fuels,
e.g., crushing, grinding and leaching of graphite fuels, and the shearing
and leaching of metal-clad fuels.

2.5.1 Crushing, Grinding and leaching of Graphite-Type Fuels

In the burn-leach process described in Section 2.1, crushing of the
graphite fuel is required as the first step unless the coated particles
can be separated from the massive graphite log., Following crushing, an
alternative to burning the graphite in a fluidized bed would be to fur-
ther size-reduce the rough crushed fuel by additional crushing or grind-
ing. All of the coated particles must be broken to permit recovery of
fissile and fertile values by leaching., At ORNL, investigation of this
alternate route of grind-leach has begun with HTGR fuel. Some very pre-
liminary early work** has indicated wear problems in hammer-mill crushing
equipment and difficulties in attaining complete leaching and washing of
the graphite fines. Crushing, either with or without burning to destroy
the bulk graphite, followed by grinding and leaching may be the only way
to recover fuels with refractory coatings such as SiC on the fuel particles.

2.3.2 GShear-Leach Processing

The shear-leach process has been intensively investigated42'44 and

is to be used commercially by Nuclear Fuel Services, Inc., to process
power reactor fuels clad with stainless~steel or zirconium alloys and
containing cores of U0z, ThO-UOp, U-Mo metal, or Th-U metal. The pro-
cess, developed at Oak Ridge National Laboratory, involves the shearing
of the fuel bundle into short lengths to expose the fuel oxide or alloy,
after which the exposed fuel is leached from the cladding.

The method is capable of processing any aluminum-, stainless=-steel-,
or Zircaloy=-2-clad oxide or metal fuel, using the same equipment.
Currently, there is no apparent advantage in processing graphite fuels
by shear-leach, unless a shearing or breaking operation is used to sub-
divide graphite fuel logs. There are distinct advantages for the metal-
clad fuels with core materials which can be leached without dissolving
the clad. One considerable advantage 1is the lower cost of storing the
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cladding material as metal waste rather than as Zirflex or Sulfex type
liquid waste. It has been estimated that the waste storage cost for the
leached metal clad is about 1/20th the cost of storing the corresponding
chemical decladding waste.?3"%5 PBxdisting processing plants could be
adapted by the addition of a mechanlical head end to process a greater
variety of fuel in conventional stainless steel equipment.

2.3.2.1 Shear-leach Flowsheet. A typlcal shear-leach process flow-
sheet for steinless-steel-clad or Zircaloy-2-clad uranium oxide and/or
thorium oxide fuel is presented in Figure 6. Fuel assemblies that have
been manufactured by high temperature braezing are disassembled by sawing
off the inert end fittings, sheath, and tube sheets. The resulting fuel
tube bundles are then sheared. The sheared pieces are collected in a
perforated basket containing a consumable carbon steel liner, and leached
in a batch leacher. The liner is required to contain the fuel fines
during transport of the basket to the leacher. The leached cladding is
sent to underground waste storage along with the other metallic scrap
from the fuel element.

The newer type of fuel element that has been assembled by retaining
the fuel rod with wire grids or spring clips can be sheared intact;
however, the grids and clips tend to remain as large pleces, complicating
the shear operation and basket loading samewhat. An alternative method
is the withdrawal of tubes from the parent assembly. In demonstration
tests with Consolidated Edison Core B fuel, mechanical equipment, consist-
ing of a hydraulic cylinder, bumper, support rack, elevating Jjacks, and
ejector withdrew 14 fuel tubes simultaneously using a force of only 300
pounds. Fuel tubes removed fram the fuel assembly in this manner can be
satisfactorily sheared as a loose bundle,

The 250-ton prototype shear has been used successfully to shear
unirradiated stainless-steel-clad uranium oxide and thorium~-uranium-oxide
fuel assemblies up to ebout 6 in. square, and containing up to 14l fuel
tubes, into lengths of fraom 1/2 to 2 in. Zircaloy-2-clad oxide type fuel
has also been sheared satisfactorily, with same sparking but without
encountering any significant safety problems caused by the presence of
Zircaloy-2 metal fines. Zircaloy-2-clad uranium metal fuel assemblies
of the NPR type were successfully sheared into 1/2- to 2-in. lengths.

In this case also, some sparking occurred during shearing, but there
appeared to be no real fire hazard involved.

2434242 Shear-leach Design Concept. A conceptual mechanical head-
end and leaching equipment layout for shear-leach processing of about one
metric ton of fuel per day is illustrated in Figure 7. This layout is
based largely on the results of the developments carried out over the past
several years. The basic uninstalled equipment cost, exclusive of the
shielded cell, manipulators and supporting facilities is very roughly
estimated to be $600,000, broken down as follows:
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Shear $225,000 Multiple Tube Puller $10,000
Handling Table (carriage) 20,000 Fuel leach Baskets (36) 36,000
Disassembly Saw 150,000 Magniforming 8,000
Accessory Equipment 50,000 Dissolver leachers (2) 80,000

Hull Monitor 25,000

With the exception of remote maintenance, all operations have been investi-
gated sufficiently to show that each is feasible in a hot cell.

2.342,35 Leaching. Some typical bench-scale data are presented in
Table 1 for shearing and leaching of unirradiated UOp-ThOp and UOz. The
leacher used was similar to that of Figure 8, which was used for engineer-
ing-scale studies.

In the case of Zircaloy-2-clad urania-thoria fuels, some of the
Zircaloy cladding and fines dissolved in the fluoride-catalyzed nitric
acid required for core dissolution.*? In tests conducted with pelletized,
sol-gel and arc-fused thoria containing 4 to 5% urania in boiling 13 M
HNO3=-0.04 M HF-0.04 M A1(NOs) 5 dissolvent in the presence of Zircaloy-2
cladding and fines, from 1-5% of the massive cladding dissolved along
with 60-80% of the minus-10 mesh flnes. Recent shearing tests with
Zircaloy~clad UO», indicate less than 1% of minus-10 mesh fines are
formed. The rate of dissolution of Th0,-UO- in fluoride-catalyzed
nitric acid was diminished in the presence of zirconium but not enough
to render shear-leach unfeasible for this type fuel.

Hot cell tests on the batch dissolution and leaching of irradiated
sol-gel-derived, pelletized, or arc-fused ThOz-UOz in boiling 13 M HNOgz-
0.04 M NaF-0.04 M A1(NO3) 3 indicated that irradiation increased the
dissolution rate over unirradiated oxides, with up to 95% in solution at
8 hr and 99.8% in 24 hr.! Greater than 99.8% of the thorium and uranium
was recovered in leaching tests with sheared fuel pieces. Uranium and
thorium losses were less than O, 05d In other tests, sheared stainless-
clad UOp irradiated to about 8000 mwd/MT was easily leached in 4 M HNOg.*®
Only about O, 6% of sheared stainless-steel cladding dissolves in fluoride~
catalyzed nitric acid in 20 hours.

The batch leaching of stainless steel clad unirradiated UOz-ThOo
pellets sheared into 1/2- or l-inch lengths has been investigated in an
engineering-scale Pyrex glass and stainless steel leacher (Fig. 8).
Dissolvent is circulated by convection. Variables affecting dissolution
rates were studied with boiling (120°C) 12.7 M HNOz~O.1 M Al(NOg)3-0.0k M
NaF as the dissolvent. Typical UO2-ThOp leachlng data are presented in
Fig. 9. The consumable carbon steel liner dissolves almost immediately.
During the dissolution of the liner (about 2 min) 14 to 38% of the core
is discharged from the basket and settles to the bottom of the leacher.
A dissolvable 10-mil thick carbon steel liner adds about 11 grams Fe per
kilogram of uranium or thorium to the solvent extraction feed.



Table 1. Typical Shear-Ieach Data for Prototype Power-Reactor Fuels®®
Recarmmended
Shearing Sheared Core Clad Packing Void Time to Batch
Fuel Cladding Force Length Dislodged Dislodged Density Fraction Leach 99.9% Notes
(tons) (in.) (%) (%) (g/cn®) (%) (hr)
UOo Stainless steel 50-90 1 36 2 4.8 50 1-1/2
(pellets) or Zircaloy-2 1-1/2 28 2-1/2 55 2
UO2-ThOz Stainless steel 50-75 1/2 85 8 L.h 48 8 Sparged
(pellets) 1 36 2 50 12 Not sparged
UOz=ThOz Stainless steel  50-75 1/2 85 L.L 48 20 25% heel
(s0l-gel) 1 36 2 50 65 No heel

9¢
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The data of Figure 9 show the effect on dissolution time of terminal
thorium loading, boilup rate as represented by steam pressure, and a com-
parison of 1/2 and 1 in. sheared lengths., The basis of the comparison is
the time to dissolve 99.9% of the fuel, It required 8-1/2 hrs to produce
a solution 0.5 molar in therium at 60 psig steam as compared to 26 hrs to
produce a 1 molar thorium solution. Fifteen hours was required to attain
99.9% dissolution when producing a solution 0.5 molar thorium at 20 psig
steam as compared to the 8-1/2 hrs at €0 psig steam. About 18 to 19 hrs
was required to leach both 1/2 and 1 in. sections when operating at the
same conditions of terminal thoriwm loading and steam pressure. While
producing a 1 molar thorium solution at 20 psig steam, only 95.5% was
leached in 24 hrs as compared to 99.9% leached in 26 hrs at 60 psig steam.
It was concluded that a rapid boil-up rate enhances dissolution and 1 in.
secticns are leached as efficiently as 1/2 in. sections. The amount of
core remaining as unleached UQOo-ThOs- was negligible in all runs. The
empty hulls or leached shells were washed free of product solution by
four separate water washes. The volume of wash water used each time was
about one-fifth of the volume of empty hulls.

In sharp contrast to thoria fuels, unirradiated stainless clad U0z
sheared into 1 inch lengths are easily completely leached in the same
leacher with boiling 7 M HNOz in about 2 hrs.

Although shear-leach studies have not yet been performed using the
advanced converter fuels under discussion, ample information has been
developed with stainless-clad and Zircaloy-2-clad urania-thoria fuels to
indicate that the projected fuels can be processed by shear-leach techni-
ques. There sre, however, two principal areas of doubt: (1) SAP cladding
may tend to dissolve in the fluoride-catalyzed nitric acid dissolvent, and
(2) carbide fuels may cause an unusvally high wear rate of shear blades.
There are also the chemical problems associated with the hydrolysis of
carbides.

2.3.2.4 Recommended Practice. In applying the shear-leach process
to a given fuel, the follow.«ag practices are recommended:

a) Use sheared lengths »f 1 inch.

b) Use perforated basket(s) in single or multi-legged recirculating
type leacher. The free or open area of basket can range from
5% to 25% with the sheared fuel retained by a dissolvable liner
of carbon steel or aluminum.

c) Ieach U05-ThOs- to a 25% heel in a period of 20-25 hrs.

d) Use hull wash water (or acid) to make up acid for next leaching
step.
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3. SOLVENT EXTRACTION PROCESSES

3.1 General Flowsheet Considerations

The emphasis of this discussion is on solvent extraction flowsheets
suitable for reprocessing plants designed specifically to support a
thorium-fueled power reactor industry, with secondary consideration
given to the problems of processing thorium fuels in plants designed to
handle standard uranium fuels. Recovery and purification of both the
uranium and the thorium is emphasized, since discarding the thorium with
the high-level fission product waste is not a desirable long=-term solution
for a large thorium-fueled power reactor industry from either the fuel-
utilization or the waste-disposal points of view, The implications of
the thorium recycle scheme, whether immediate recycle or delayed recycle
after decay of 228Th, on the choice of solvent extraction processes are
considered.

3.1.1 Standard Uranium Fuels

The standard uranium fuel reprocessing method is the Purex Process,*®,5C

based on extraction of both the low-enrichment uranium and the plutonium
with 30% tri-n-butyl-phosphate (TBP) in a suitable diluent. The uranium
and plutonium may be partitioned in the first cycle of extraction, or
they may be co-stripped in the first cycle and partitioned in a second
cycle. After partitioning, additional decontemination of the separated
uranium and plutonium is obtained by one or more additionzl cycles of
solvent extraction or, in the case of plutonium, by anion exchange. TFor
high-enrichment 235y fuels, the 25-TBP Process®’ recovers the uranium

by extraction with l.5-to-6% TBP if aluminum nitrate is used as salting
agent or with 10-to-30% TBP if only nitric acid salting is desired. The
corresponding processes for thorium fuels are described below in some
detail. The differences in the flowsheets for uranium fuels and thorium
fuels are: (1) uranium is the major constituent in one case and the minor
constituent in the other; (2) thorium is extracted less strongly than
uranium; end (3) the buildup of the gamma-active daughters of 232y, 228m
and 23%Th in the recovered products makes high-degree decontamination
from fission products a relatively less important consideration than in
uranium-plutonium recovery. Standard uranium fuels usually can be dis-
solved to give acceptably high uranium concentration and acceptably low
excess acid concentration for feeding directly to solvent extraction.

On the other hand, thorium fuels usually require a feed adjustment step
after dissolution to increase the thorium concentration and remove excess
acido

3.1.2 Protactinium

Protactinium recovery is not assumed to be of interest in power
reactor fuel processing for the purposes of this discussion. Since the
27-day half life 233pg is not normally extracted with the uranium,>2
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its primary effect on processing is the pre-processing time delay re-
quired for its decay to negligible levels. For thorium power reactor
fuels this probably means a minimum of 120 days between reactor discharge
and fuel processing and a typical delay of 180-to-210 days., This com-
pares with a minimum delay of 90 days and a typical delay of 120-to-150
days for uranium power reactor fuels, for which the controlling factor

is the decay of 8-day 3!I.

3.1,3 Extraction of Uranium Only

When only the uranium is to be recovered from the thorium fuel,
dilute TBP or di-sec-butyl-phenylphosphonate (DBPP) may be used for the
extraction. The Acid Interim-23 Process®3 uses 2.5-t0-10% TBP (Fig. 10).
The higher concentration permits higher processing rates but lower decon-
tamination from fission products and a smaller separation factor from
thorium would result. The lower concentration might be useful for
criticality control, at the price of reduced throughput. The Kilorod
Interim-23 Process®%s55,5€ yged 2,.5% DBPP, which has a higher uranium-
thorium separation factor than TBP by about a factor of 4 and also pro-
vides excellent decontamination from fission products. The thorium which
remains in the aqueous phase may be recovered by a second extraction,
either immediately or at a later date, or may be permanently discarded
with the fission products. As discussed below, however, if the thorium
is to be recovered a simultaneous co-extraction with the uranium probably
is preferable.

These Interim-23 flowsheets, using thorium nitrate as the primary

selting agent, are, of course very similar to the 25-TBP flowsheets using
aluminum nitrete as selting agent.

3.1.4 Co-Extraction of Uranium and Thorium

Several systems have been developed for the co-extraction of uranium
and thorium with TBP. In the original Thorex flowsheet®” aluminum nitrate
resulting from the dissolution of the aluminum cladding of the thorium
metal slugs acted as the salting agent for the extraction of thorium and
uranium from an acid-deficient solution into 42.5% TBP. A modification
of this process involves a similar co-extraction from a solution contain-
ing both aluminum nitrate and nitric acid.®® This modification gives
good, though not equal, decontamination and has the advantage of not re-
quiring a feed adjustment step; however, the acid in the feed decreases
the processing capacity of a given size plant by decreasing the solubility
of the thorium-TBP complex in the diluent, requiring operation with lower
thorium concentration in the solvent phase in order to avoid formation
of a third phase (i.e., a second organic phase).®® Another variation of
the Thorex flowsheet is the Acid Thorex Process®® shown in Figure 11, for
fuel solutions which do not contain aluminum. It involves the extraction
of thorium and uranium from an acid deficient solution into 30% TBP, with
nitric acid added at a lower stage in the contactor to provide salting
when the thorium nitrate concentration has been reduced. This process
results in maximum processing capacity and excellent decontamination, and
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reduces the volume of waste to be stored by eliminating the non-volatile
aluminum from the aqueous waste. It does require a feed adjustment to
produce the acid-deficient condition.

3.1.5 Effects of Fuel Type and Cladding

Any of the aforementioned flowsheets can be adapted for the process-
ing of either oxide or metal fuels. Carbide fuels may also be processed,
but if the thorium is dissolved by a low-temperature hydrolysis in nitric
acid a feed adjustment step would be required to destroy the organic
materials in the solution before feeding it to solvent extraction.3%

The type of cladding must also be considered in the choice of a fuel
recovery process., If the clad is dissolved with the fuel the added metal
salts will act as salting agents for the solvent extraction, but they
8lso will restrict the flowsheet to be chosen and affect the waste dis-
posal operations. Large quantities of stainless-steel or zirconium salts
in the solution would eliminate consideration of acid-deficient flow-
sheets since large amounts of precipitates would be formed in these cases.
Even small amounts of solids in the feed, resulting from partial dissolu-
tion of the cladding or even from high concentrations of fission products
in high-burnup fuels, may cause trouble. Batch contactors or pulse
columns can handle solutions containing up to several percent solids but
mixer-settlers are usually designed for solids-free solutions.

3.1.6 Non-Nitrate Systems

All of the fuel recovery systems being considered at present are
based on nitrate solutions. Small amounts of other anions, such as
fluoride, may be tolerated though adjustments may have to be made to
compensate for their presence. If other dissolvents, such as hydro-
fluoric, hydrochloric or sulfuric acids, were required to dissolve the
fuel, new solvent extraction flowsheets would have to be developed for
these systems, perhaps using other organophosphorus compounds or amines.

3.1.7 Equipment Consideration

A few equipment items should receive special consideration in a
thorium processing facility. A feed adjustment tank, in which the
dissolved fuel can be heated to ~160°C, adds to flexibility by allowing
8 choice between acid and acid-deficient feed solutions for the solvent
extraction system, and would also provide a means of destroying the
organic materials which may be formed during the dissolution of carbide
fuels. Equipment designers also should consider the possibility of
third-phase formation in the thorium extraction systems. In a mixer-
settler, the second organic phase accumulates between the organic and
aqueous exit parts of the settler so that it cannot move out of the
equipment, Since there is low turbulence in the settler unit, redissolu=
tion of this TBP heavy phase in the organic system is quite difficult.
As a result, the operating conditions must be maintained conservatively
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away from the region of third-phase formetion. On the other hand no
major difficulties occur if there is a smell amount of third-phase
formation in a pulse column and recovery is practically instantaneous
vhen operating conditions are corrected. Also, as mentioned already,
pulse columns have a much greater tolerance for solids in the aqueous
feed to the solvent extraction system,

5.2 Power Reactor Fuel Processing

Figure 12 shows a general purpose solvent extraction flowsheet for
thorium~bearing power reactor fuels., Insofar as practicable, cladding
materials and any other unnecessary cationic or anionic constituents
should be kept out of the dissolver solution, to permit a choice of the
best possible feed adjustment and solvent extraction conditions and to
avoid complicating waste treatment and disposal problems. Feed adjust-
ment to maximum thorium concentration, preferably 1.5M, and to minimum
acidity, preferably slightly acid-deficient, is desirable to permit
maximum processing rate and maximum decontamination from fission products.
Co-extraction of the thorium and uranium with 30% TBP, using the Acid
Thorex flowsheet, decontamination by scrubbing with nitric acid, and
selective stripping of first thorium and then uranium, will provide good
recovery, separation and decontamination in a single cycle of solvent
extraction., With an acid-deficient feed the decontamination factors from
rare earths and ruthenium will be about 10% and 102, respectively, for
both uranium and thorium. If it is necessary to use an acid feed the
decontamination factors will be somewhat lower though not by more than a
factor of 10. 1In either case, this degree of decontamination is more than
is required from the reactor physics point of view, so that any additional
decontamination requirement must be justified by fuel refabrication and
other handling requirements before it is put back into the reactor. No
additional fission product decontamination of the thorium is justified
since the gemma activity of the daughters of #2®Th and 2%%mM will re-
quire either remote fuel refabrication anyway or else storage for a
sufficiently long time that the activity from extractable fission pro-
ducts will reach direct handling levels before the 228Th does. Additional
fission product decontamination of the uranium may be justified if it is
to be recycled with virgin or long-decayed thorium, and an optional
second uranium cycle is indicated to take care of this case.

3.2.1 Extraction Equipment Capacity

In general, the maximum thorium processing rate through solvent
extraction equipment of a given size will be less than the maximum uranium
processing rate for a similar flowsheet., For example, the total volu-
metric capacity (combined aqueous and organic flow rates) of pulsed
extraction-scrub columns is about 900 gal/hr-ft2 for either the Purex or
the Acid Thorex processes;61 but since the maximum capacity of the solvent
for thorium is only about half that for uranium, the effective capacity
of the equipment is only about half as much for thorium as for uranium.
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A similar argument applies to the partitioning and strip columns. In a
two- or three-column system designed for Purex the overall effect would
be greater than a factor of two, since the capacity of a Purex plant for
processing thorium is limited by the partitioning columns. In the Purex
system the minor constituent, plutonium, is being selectively stripped
from the major, uranium; whereas in the Thorex system, the major con-
stituent, thorium, is being selectively stripped from the minor. For
processing thorium fuels in an existing Purex plant, one might choose to
use an Interim-23 first cycle, either discarding the thorium or recovering
it from the waste in a second extraction, or one might choose to co-
extract and co-strip the thorium in the first cycle and then separate
them in an Interim-23 second cycle.

3.2.,2 Waste Volumes

For low-burnup fuels, the volume of concentrated high-level fission
product waste from either the Purex or the Acid Thorex flowsheets is
about 50 gallons per metric ton of uranium or thorium processed. The
waste concentrate is primarily a solution of nitric acid, fission pro-
ducts and miscellaneous other components such as aluminum, fluoride and
corrosion products, and can be stored in the acid form in stainless-
steel tanks, or neutralized and stored in mild-steel tanks, or else it
can be calcined or converted to a glassy material for disposal as solids.
For high-burnup fuels, above about 10,000 MWD/MP, the waste volumes may
have to be larger to permit removal of the decay heat from the storage
tanks, especially in the case of neutralized wastes since these will
contain more solids from corrosion products and even from precipitation
of the fission products themselves.

Waste solutions containing thorium, aluminum, or other cladding or
salting agents will be much larger in volume and must be stored in the
acid condition in stainless steel. If calcined or converted to glasses
their volumes will also be much larger.

3.2.3 Close=~Coupled Processing and Fabrication

If economic evaluation of thorium fuels cycles indicates that
immediate recycle of the thorium is competitive despite the cost penalties
of remote fuel refabrication, further attention should be given to the
possible economic advantages of low-decontamination-factor processes
closely coupled to the fabrication operations. A single cycle of Acid
Thorex followed immediately by Sol-Gel oxide preparation and vibratory
compaction into fuel tubes is an example of a promising close-coupled
process., Even the solvent extraction step might be further simplified
since decontamination factors as low as 10 might be acceptable in the
overall fuel recycle scheme if this permitted sufficient cost savings
to outweigh the disadvantages.

For recycle of uranium with virgin or long-decayed thorium, a
study has been made of the Sol-Gel vibratory compaction route as regards
the relationship between radiation dose to personnel, type of handling,
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amount of 232U in the uranium and scale of the uranium-thorium production
ogeration.aa For fabricating fuels containing 3% 233U02 in ThOp, if the
2337 contains no more than 20 ppm 232U a production rate of 100 kg/day
can be achieved in an unshielded facility without overexposure of person=-
nel, For the same conditions except for 250 ppm 232y, shielding of two
inches of lead would be required. For higher 32y contents or larger
production rates or for use of recycled thorium without 228,234, gdecay,
remote fuel fabrication techniques will be required.

The direct maintenance of the equipment used in the Sol-Gel flow-
sheet is simplified by ease of decontamination. The Kilorod Facility,56
in which the fission product contamination of the feed was negligible,
wes easily decontaminated with a vacuum cleaner to the degree that main-
tenance could be performed in "air suits" without excess worker exposure.
The presence of fission products in the recycled uranium or thorium
would camplicate fabrication operations not only by increasing the
shielding requirements but also by increasing the difficulty of equipment
maintenance (and possibly even by affecting the Sol-Gel chemistry, though
there is not enough data available at present to show what concentration
of fission products can be tolerated). When the gel is fired to 1050°C,
ruthenium, and perhaps other fission products also, would be volatilized
and deposited in process equipment, especially the furnace. Previous
experience has shown that decontamination would be difficult in such a
case, and remote maintenance may be required.

The economic dependence of the overall fuel cycle cost upon the
degree of decontamination, the fabrication and maintenance techniques,
the emount of 232y and 228,234y in the fuel being processed, and the
scale of the production operation is sufficiently complex that further
studies, both experimental and theoretical, are needed to indicate the
best long-term route and timing for thorium fuel cycle development
to follow, either in general or for a particular reactor and fuel type.
In the short term, the equipment available and the particular reactor
and fuel type considered will have a marked effect on the optimization
of the fuel cycle.



39

4, POWER REACTOR FUEL REPROCESSING COSTS

4,1 USAEC Reference Fuel-Processing Plant

From 1957 to 1963 the standard basis for evaluating the spent-fuel
processing contribution to nuclear power costs was the calculated cost
for processing the fuel in question in the "AEC Reference Fuel-Processing
Plant,"63 a hypothetical plant capable of recovering purified uranium
and plutonium from irradiated fuel at the rate of 1000 kg of uranium per
day, up to 3% enrichment. At higher enrichments the capacity of this
conceptual plant decreased, as a result of criticality considerations,
to, for example, 930 kg/day at 4% enrichment, 537 kg/day at 10%, and
LY kg/day at 93%. The reference plant could process thorium fuels at the
rate of 1000 kg/day if only the enriched uranium were to be recovered or
600 kg/day if thorium also had to be recovered, again subject to criti-
cality limitations on the enriched-uranium processing rate. The USAEC
announced in the Federal Register of March 12, 1957 that it would provide
spent-fuel processing services at calculated charges based on the con-
ceptual plant "on an interim basis ... until the time when processing is
available commercially." Initially, the standard USAEC daily charge was
$15,300, both for the calculated number of processing days required for
a batch of fuel and for the calculated number of "turnaround" days (the
time required between processing batches for shutdown, cleanout, and
startup), but there was a provision for escalation that increased this
figure to more than $17,000 in 19616% and to an estimated $19,800 by
1965.65 The charges on a per-metric-ton basis were typically 25 to 100%
or more higher than on the per-day basis, depending on batch size and
daily processing rate.

4,2 NFS Commercial Processing Plant

In 1963 the USAEC accepted an offer by Nuclear Fuel Services, Inc.,
to provide fuel processing services on a commercial basis, beginning in
1965.85 Nuclear Fuel Services (NFS) is now completing a plent with a
nominal capacity of 1000 kg/day for uranium of up to 3% enrichment
irradiated to burnups of up to 20,000 de/MT and lower capacities for
higher enrichments and burnups. The nominal capacity for thorium fuels
is 500 kg/day for recovering only the enriched uranium. An extra charge
will be assessed for the disposal of the thorium-bearing waste. The
jnitial base charge of $23,500 per "revenue day" (processing plus turn-
around time) is subject to future escalation. Since the minimum turn-
around time under the NFS formula is one third the processing time, the
minimum per-metric-ton price for processing is $31,300. For 3% enriched
fuel irradiated to a burnup of 20,000 de/MT at a thermal efficiency of
31%, this corresponds to a processing cost contribution to nuclear power
of about 0.21 mills/kwhr(e). Typical NFS processing costs for first-
generation power reactor cores will be considerably higher than this,
for example:&>
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mills/kwhr(e)
Southern California Edison 0.31
Indian Point UOp 0.36
Indian Point ThOs 0.75

These higher charges are the result of lower burnup, lower thermal
efficiency, smaller processing batch size (which leads to a higher

ratio of turnaround time to processing time) or higher enrichment than in
the example calculation above. The large difference in the Indian Point
U0z and ThOp figures is caused primarily by the 2«to-1 processing rate
ratio between uranium and thorium, and secondarily by the extra charge
for disposal of the high level waste containing the thorium. This extra
charge results from larger volumes and the necessity of storing the
wastes in the acid condition in reletively small stainless steel tanks,
instead of neutralized storage in large mild-steel tanks.

4,2.1 Through-put Rate

Since the NFS price schedule is based on daily charges, the amount
of fuel that can be processed per day determines the unit cost of pro-
cessing, which is normally reported as $/kg (of uranium or thorium) for
fuel cycle cost purposes. The NFS nominal throughput rate is 1000 ng/
day up to 3% enrichment, and falls to 880 kg/day at 4%, 465 kg/day at 10%,
and 40 kg/day at 93%. The nominal processing rate for thorium is 500 kg/
day to up 8.5% highly enriched uranium content, and is inversely propor-
tional to the uranium content above this level. At present these enrich-
ment penalties are based on pre~irradiation enrichment. There is some
possibility that these criticality penalties may be relaxed in the future,
by use of post-irradiation enrichment and/or by use of nuclear poisons
in the processing solutions and materials of construction. The NFS-AEC
contract®® has an "isotopic limits per processing lot" clause which can
result in the processing rate being inversely proportional to burnup
above approximately 20,000 de/MT. This limitation may be waived insofar
as actual operating experience permits, and the actual limitation mey be
nearer 50,000 de/MT.6 The throughput rate penalties for enrichment,
burnup, thorium, etc., are calculated separately and only the most res-
trictive applied, rather than all of the penalties being applied consecu-
tively. For example, there would be no burnup penalty for thorium fuels
up to 40,000 de/MT (or possibly 60,000).

4,2,2 Fuel Type

The "standard" fuel for NFS is UOz or Th0s-UOs> sheathed in stainless
steel, zirconium, or zircaloy, in an assembly up to 16 ft long and up to
6 in, diameter, weight up to one ton, with assembly casing and end
fittings easily removable in the NFS mechanical cell, with individual fuel
element diameters up to 0.75 inches and cladding thickness up to 50 mils,
and with metallic hardware inside the assembly up to 1/8 in., thickness.
Other fuel types may suffer processing rate penalties imposed by the
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physical or chemical limitations of the NFS plant; for example, for U-Zr
or U-Al alloy fuel clad in Zr or Al the processing rate is 400 kg/day
gross weight of alloy plus cladding. An important consideration in
advanced power reactor planning is that NFS is not now equipped to process
certain fuel types, e.g., graphite~or-carbon-type fuels such as HTGR. In
connection with proposals to build en HTGR, there has been some considera-
tion of the possibility of adding a special head-end facility to crush
and burn the fuel to permit more-or~less standard aqueous processing.

A substantial extra charge would have to be assessed to an HTGR fuel to
pay for the extra capital and operating charges involved.

4,2,3 Turnaround Time

The stendard NFS turnaround time requirement is 8 days or one third
of processing time, whichever is greater. To minimize turnaround charges
relative to processing charges, the processing batch size should thus be
equivalent to 24 or more processing days. For small fuel batches, re-
quiring less than 8 processing days, the turnaround time can be reduced
to equal to processing time (down to a minimum of 2 days turnaround)
provided that these small batches can be combined with other similar
small batches and also provided that processing can be delayed by NFS to
permit convenient scheduling of combined small batches.

4,2,k Waste Disposal Charges

For "standard" uranium fuels, as defined above, the $23,500/day base
charge includes interim radioactive waste storage in mild-steel tanks by
NFS and eventual perpetual maintenance by New York State. Fuel types
which generate more high-level liquid processing waste than standard
uranium fuels are subject to extra charges for interim and ultimate waste
disposal. At present, thorium is not recovered and must be stored with
its fission products in stainless steel tanks at an extra charge on the
order of $9-16/kg. Alloy fuels such as U-Mo, U-Zr, and U-Al are also
subject to substantial extra waste charges.

4,2.5 Bscalation and Other Costs

The NFS price schedule is subject to escalation to cover increased
labor pay rates and material prices. This is estimated to increase
the base daily charge from $23,500 to $25,000 by mid-1970.

The processing charge does not include inventory or use charges on
fuel prior to, during or after processing. For a typical standard fuel
this might involve 120 days pre-shipping hold-up, 60 days shipping plus
pre-processing hold-up at the plant, 30 days processing hold-up, plus
another 30 days post-processing and shipping hold-up. Losses of nuclear
material during processing, up to 1 = 1-1/2% et NFS, are not included in
the processing charge. Shipping costs and costs of converting recovered
material to forms other than concentrated nitrate solution are likewise
not included.
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4,3 Future Processing Costs

4,3.,1 NFS

The base NFS price schedule discussed above is based on & nominal
300 revenue days per year for 15 years, 1965-1980. The actual amount of
power reactor fuel to be processed during the first years of this period
will be less than the nominal NFS capacity but will exceed it in the
early 1970's and grow rapidly thereafter, according to estimates of in-
crease in nuclear power generation. NFS probably will be able to handle
up to 350 revenue days per year with minor increased costs, and the NFS-
USAEC contract provides for a corresponding reduction in the daily charge,
up to 10% at a load of 350 or more revenue days per year. Thus the
Oyster Creek®7 cost analysis assumes $21,150/day after 12/31/7h. Assuming
that burnup and enrichment penalties can be relaxed to cover standard
uranium fuel irradiated to 30,000 Mwd/MI' at 31% thermal efficiency, the -
lower daily charge would correspond to only 0.13 mills/kwhr(e). On the
other hand, escalation may override the base price reduction and optimum
burnup for large PWR reactors may be only 20-25,000 de/MT, so that 0,2
mills/kvhr(e) may still be a more normal cost of processing. At the
expense of modest additional capital investment and operating costs, NFS
may be able to significantly increase their processing rate capability.
This should permit a substantial reduction in unit processing costs,
but when and whether this actually occurs probably depends on future com-
petitive conditions (see below). Modifications to NFS to permit thorium
recovery (in addition to uranium) would eliminate the extra thorium waste
disposal charge, but may substitute an interim thorium storage charge for
the 7-15 year period required for 228Th decay.

4.,3,2 Other Near-Term Commercial Plants

For an industry predicted to grow as fast as is estimated for
nuclear fuel processing after about 1973, it would be normal for other R
private companies to enter the field, in competition with NFS. The
General Electric Co. has announced its interest in building a processing
plant in the western U, S. Westinghouse has indicated its interest in *
offering a complete fuel cycle service, including processing. Other
companies also have expressed an interest in processing; for example, a
plant designed specifically for thorium fuels has been suggested. If
this proliferation of processing plants occurs during the next decade,
these new plants probably will be approximately the same size as NFS,
and the economies of large-scale processing will be postponed.

4.3.3 Large Processing Plants

A design study®® has shown that a 10 ton/day processing plant should
cost less than twice as much to build and operate as a 1 ton/day plant,
indicating a reduction in unit processing costs by a factor of approxi-
mately five. Depending on the burnup and thermal efficiency, a 10 ton/day




43

plant could service a very large nuclear power reactor economy, a size
which may be many years away. On the other hand, a large nuclear
desalination industry using natural uranium fuel might need such a large
processing plant sooner than a power-only reactor industry.69

4.3.4 Ultimate Waste Disposal

The NFS base daily charge includes approximately $700 for perpetual
maintenance of the liquid-waste tank farm, plus a similar amount for
interim (15-year) waste disposal costs. For a typical power reactor
this amounts to approximately 0.01-t0-0.02 mills/kwhr(e). ORNL studies
of the waste problem’©»71 indicate that this amount may be inadequate to
cover perpetual tank storage costs, that perpetual tank storage of liquid
wastes may not be adequately safe in any event, and that a safer ultimate
disposal scheme (calcination to dryness and storage in a salt mine) may
cost 0.02-0.03 mills/kwhr(e) on a large scale. These studies did not
include the cost of disposal of the cladding waste. For disposal of
these as leached metallic solids the cost is relatively small, but recent
ORNL studies’® of chemical decladding waste solution disposal indicate
that this can easily cost as much as the high-level waste, because of
the large volumes and their chemical composition, i.e., another 0.02 mills/
kwhr(e). The large volume of Interim-23 waste, containing the thorium
plus the aluminum nitrate salting agent, also would cost about 0.02 mills/
kwhr(e) more than the Acid Thorex type waste.’Z

4,3,5 Advanced Converter Fuels

In support of the Advanced Converter Evaluation program,’® fuel
processing cost estimates were made for six types of advanced converter
reactors: (1) uranium-fueled pressurized-water (PWR), assumed to include
also boiling-water; (2) thorium-fueled spectral-shift-controlled (SSCR);
(3) uranium-fueled, pressure-tube, heavy-water-cooled-and-moderated
(HWR-U) ; (L4) thorium-fueled, heavy-water (HWR-Th); (5) thorium-fueled
high-temperature-gas-cooled (HTGR), of the "TARGET" type; and (6)uranium-
fueled sodium-graphite (SGR).

The cost estimates, summarized in Table 2 , are based on 15% annual
fixed charge rate (FCR) on total capital investment, which rate is approxi-
mately equivalent to that applicable to the first private commercial
reactor fuel processing plant, Nuclear Fuel Services (NFS).®° At a 22%
FCR, which would be more typical of most private chemical companies, the
unit costs would be about 25% higher.

These cost estimates for the evaluation were made for hypothetical
future nuclear power economies of 15,000 Mw(e) of a given reactor type,
with all of the fuel from that reactor type being processed in a single=
purpose plant designed to exactly match its load. Thus, differences in
annual throughput rate and nominal daily capacity in the various plants
were caused by differences in burnup, thermal efficiency and discharge
batch size for the various reactor types. Table 2 shows the estimated




Table 2

FUEL PROCESSING COSTS AS A FUNCTION OF NUMBER AND TYPE OF REACTORS

Reactor Type PWR-U HWR-U SGR-U SSCR-Th HWR-Th HTGR-Th
Burnup, Mwd/MT 21,000 11,100 22,000 28,800 27,800 58,000
Thermal Efficiency, % 31.1 26.8 k3.6 31.2 26.1 Ll 4
Batch Size, MT 33.9 19.5 12.2 66.3 13.5 7.89
Number of
1000 Mw(e) Reactors Processing Cost in mills/kwh(e), 15% F.C.R.
5 0.332 0.396 0.321 0.357 0.381 0.3061
10 0.201 0.237 0.195 0.212 0.232 0.1841
.0.1381
15 0.154 0.177 0.14k 0.159 0.173 J0.1492
{0.1353
20 0.125 0.136 0.10k 0.116 0.125 0.099%

Footnote: The superscripts 1, 2, 3 refer to three alternate HTGR processing schemes

(see text).
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processing contribution to nuclear power cost as a function of industry
size, from 5,000 to 20,000 Mw(e). In this table the burnup values are
held constant at approximately the economic optimum indicated by consider-
ation of overall fuel cycle costs at 15,000 Mw(e), though the optimum
burnup would be higher for smaller industry size, and vice versa. All
other things being equal, the power cost of processing decreases with
increasing burnup, thermal efficiency and batch size, is lower for
uranium fuels than for thorium, and is lower for metal-clad oxides than
for carbon-carbide-graphite or sodium-bonded fuels. The combined inter-
play of all these considerations in this study was to minimize differences
in cost per kwhr(e) though the costs in dollars per kilogram of fuel
varied widely.

For all of the fuels except HTGR all of the uranium and plutonium,
or thorium and uranium, in one processing batch (assumed to be the same
as one reactor discharge batch) were dissolved together and then parti-
tioned and decontaminated by solvent extraction. For HTGR three alternate
schemes proposed under the TARGET® concept were considered: (1) mixed
thorium-uranium fuel, as with the other reactors, (2) thorium and uranium
in separate particles before irradiation, with the thorium-plus-bred-
uranium particles processed separately from the high-burnup-uranium
particles; and (3) separate particles as in (2) but with the high-burnup-
uranium particles discarded directly to waste disposal instead of being
processed, on the basis that their high U-236 content makes recycle of
this uranium to HTGR reactors undesirable from the overall economics and
physics points of view. Scheme (2) costs more than scheme (3) and would
have to be justified on the basis of a market value (for reactors other
than HTGR) in excess of the additional cost of $1-to-$2 per fissile gram
recovered.

These cost estimates weie based on modifications of previous estimates
of processing plant costs, by duPont,68 and of ultimate waste disposal
costs, by ORNL.”© They are conservatively high in that they would pre-
dict higher costs than the actual NFS pricing formula for a plant of
comparable fuel processing capability, and also in penalizing thorium
fuels for their known processing disadvantages vis-a-vis uranium while
not granting any cost credit for potential advantages such as the possi-
bility that only one solvent extraction cycle will be sufficient since
the thorium~uranium recycle scheme may require remote fabrication anyway.
On the other hand, they may not be quite so conservative in assigning
only a moderate head-end cost penalty to SGR and HTGR fuels on the assump-
tion that present development programs will be successful. These estimates
for the Advanced Converter Evaluation agree with those made earlier for
large desalination reactors,®® except that the earlier estimates made
less allowance for turnaround time between batches and for ultimate
waste disposal and used 7.7% fixed charge rate (for municipal or similar
financing).

4.3,6 Costs in an Expanding Economy

The cost studies described above assumed an "equilibrium" economy
with the fuel from 5,000 or 10,000 or 15,000 or 20,000 Mw(e) of a given
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reactor type being processed in a plant designed to match its load and
operating at constant full load. A dynamic economy starting small and
growing large over a period of years cannot automatically expect to
experience processing costs as low as those equivalent to a static
economy of the same size at any given time. A processing plant must be
built at a particular time and with a particular design capacity - it
may be able to increase its actual capacity somewhat over a period of
time as a result of technological improvements and inherent over-capacity
in its basic design; but it cannot be built initially to match a small
reactor economy and then expanded incrementally each year at marginal
additional cost to keep up with the load as the reactor economy grows.
Thus, in general a processing plant will be over-sized initially, enough
so that it eventually can achieve unit costs low enough to give it an
economic life long enough to permit it to recover its capital investment
plus an acceptable rate of return on investment and still meet actual or
potential competition from other plants. Since such a plant must start
up on less than a full load, its average load over its life will be .
less than its equilibrium capacity and hence its average unit costs over
its life will be higher than the calculated equilibrium costs. This
"start-up penalty" can be appreciable for plants, such as spent fuel
processing plants, which have a high ratio of capital cost to operating
cost. In the case of the NFS plant, the USAEC is providing a "base load"
during the first five years of operation, permitting a pricing policy
based on a full load for an assumed l5~-year plant life. The USAEC has
indicated a willingness to provide a base load also for a second private
processing plant, but this type of support cannot be assumed for all
future plants in a private competitive economy.

A study of optimum processing plant size, timing and location in a
growth economy has been started. A computer code will be developed to
calculate the minimum cost strategy as a function of input assumptions
regarding growth curve, cost scaling factors, financing conditions,
regulatory and competitive conditions, etc. As a first step in this
study, an economic evaluation of HTGR head-end processing costs was
made for the design and cost estimate presented in Section 2.1,3,1 -
This head-end facility could handle the fuel from up to 10,000 Mw(e) of
HTGR reactors, but a reasonable estimate is that it might be 10 years
after the first commercial-size HTGR begins to discharge fuel before the .
HTGR industry reaches 10,000 Mw(e). A present-worth economic analysis,
similar to that of Vondy,73 indicated head-end capital and operating unit
charges varying from less than $50/kg for a plant with a full load for
15 years to more than $130/kg for the same plant with a growing load for
only seven years. It was indicated that the plant size was not optimum
for the growth curve assumed, but the optimum size has not yet been
calculated.
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THE TECHNICAL AND ECONOMIC CHARACTERISTICS
OF THORIUM REACTORS

Programs for the development of thorium fuel cycles and reactors
which use thorium are most often justified by the argument that better
"fuel utilization" is obtained with thorium than with uranium. Numerous
analyses of expanding nuclear power economies have shown that less uranium
ore must be mined using thorium converter reactors which are started-up
with U255 and the bred uranium recycled than using uranium converters with
recycle of plutonium. The argument for the use of thorium is extended
further by the contention that thorium converters can develop into "break-
even'" breeders, or even breeders that produce enough excess fuel to in-
ventory other reactors.

There is no doubt as to the importance of conserving fuel resources,
but other factors must also be considered to determine whether thorium
systems should be developed and which thorium reactor types are most likely
to be built. These relate to the economics of thorium systems and to the
technical difficulties thatlie in the way of their development.

Two points should be made about economics. First, unless restraints
are applied, power system operators are going to select the reactor type
that they believe will yield the lowest power cost. In addition, they are
going to operate at conditions producing the lowest cost, although the
fuel utilization of a reactor can always be improved at the expense of
higher cost. Conservation of fuel resources may be an important national
or world objective, but it will be decisive only if it affects the economics
of a reactor of if it 1s imposed by governmental constraint. Of course, in
evaluating economics, future conditions must be properly weighted and at-
titudes of governmental agencies, as reflected in the regulation of financing
and rates, or in tax provisions, taken into account.

The second point is the converse of the first. Some thorium reactors
may have lower power costs than competing uranium reactors, and those that
do may be developed and built even if their fuel utilization is not par-

ticularly favorable.




Technical factors which determine whether a reactor system can
actually perform as assumed in the analysis of fuel utilization and
economics are of obvious importance. But the question is not just
whether a system can be developed to perform as assumed, but also when
the postulated performance can be achieved in full-sized plants. In
addition, it must be recognized that before the calculated economics
can be achieved, the fuel processing and fabrication industry postulated
in the economics analysis must exist. One who is considering developing
a new system that looks attractive, of course, must also consider the cost
of development. -

The questions regarding development are particularly applicable to
thorium systems. Most of the reactors whichappear attractive with thorium -
are less well developed than the competing uranium systems. In addition,
the presence of U252 in recycle fuel requires that special fuel fabrica-
tion facilities be built; and in some cases, new head-end processing
methods must be developed and the processing facilities built. Thus, in
the United States at least, the thorium converters appear to be caught in
a squeeze. On the one hand, the status of development of the thorium
reactors is such that they will not be brought into operation in any
quantity before the early 1970's, and by then the pressurized and boiling
light water reactors will have a considerable head start. On the other
hand, there are large programs directed towards the development of fast
plutonium-uranium breeders, and the postulate of the United States program
is that these reactors will reach the point of economic attractiveness
before 1990. It would appear, therefore, if thorium converters are to
play an important role, they must become competitive with other converters -
and be built in quantity in the 1970's. Thermal breeders with low fissile
inventories, however, may be able to enter the competition later. If their
costs are favorable relative to fast reactors, the period in which they are
attractive could extend far into the future.

In view of the foregoing, a study was undertaken at ORNL to estimate
the performance and power costs that will be achieved with various pro-
posed thorium reactors if they are built in the 1970's. The design infor-
mation was taken from conceptual designs of 1000 Mwe reactors provided by

developers of the concepts. A set of economic factors that represent the




average conditions over the life of reactors built during that period was
defined and physics performance, capital, operating, and fuel cycle costs
for all of the reactors were estimated on a consistent basis. For com-
parison with the thorium reactors, similar estimates were made for a 1000
Mwe light-water moderated pressurized-water reactor. Although we attempted
to make our cost estimates correct on an absolute basis, the emphasis in
all of the estimates was on accuracy of the costs of the various systems
relative to each other.

To determine that the reactors could attain the performance postulated
in the design and to identify any development that is required, the design
and predicted engineering performance of the reactor plants were reviewed
and evaluated. Taking into consideration differences in design require-
ments revealed by this review, normalized estimates were made of the cap-
ital costs for all the plants.

In the sections which follow, the reactors considered are described
briefly and their engineering performance requirements discussed, the
economic context for the evaluation is outlined, some general comments are
made on the physics of thorium reactors, the fuel utilization of specific
reactors is presented, and the fuel cycle, capital, and operating costs of

the reactor are reported.

Description of Reactors

Six thorium-fueled reactors have been evaluated, along with a large
pressurized water reactor which serves as a basis for comparison. We have
not attempted to design reactors ourselves but have taken designs proposed
by groups who are the developers or proponents of the systems. The tech-
nical characteristics of the reactors are summarized in Table 1.

The Pressurized Water Reactor (PWR) design is based on a Westinghouse

1,2

study of a 1000 Mwe reactor and differs from the Westinghouse concept
mainly in the use of Zircaloy fuel cladding rather than collapsed stain-
less steel. A 15.8 ft inside diameter by 11.2 in. thick reactor vessel

contains the core, and the peak-to-mean power density is 3.53.




Table 1. Reactor Design Characteristics
B
Iter Pre:iizized Sgii;:al Heavy Water Temgi§2ture Bisziet Mgi{:“ Mg;;in
Controlled Gas Cooled Converter Breeder
Net electrical capacity, Mwe 1,002 1,000 1,010 1,008 1,000 1,000 1,000
Reactor power, Mw (thermal) 3,220 2,270 3,870 2,270 2,200 2,25¢C 2,250
Steam temperature/pressure, °C/Aum. 257/43 254/40 241/33 565/238 247/37 538,/238 538/238
Net statiom efficiency, % 31 31 26 4l 31 Lk Lk
Moderator H20 D20-H2C D20 Graphite H20 Graphite Graphite
Coolant E20 D20-Hz20 D20 Helium H20 Fuel salt® Fuel salt®
Coolant temperature, iniet- 285-314 279-312 264-30% 382-800 271-30¢ 566-732 566-732
outlet, °C
Coolent pressure, atmospheres g 150 3¢ 3C 150 - -
Control method Soluble poisor  Moderator mix Continuous fueling Polson rod Seed position Continuous fueling Continuous fueling
Core diameter x height, meters 3.9 X 3.4 3.1 x 3.2 7.9 X L.€ 9.5 x L.B 5.2 x £.2 5.1 x 6.2 2.5 x 2.¢
Specific power, kw/kg fertile 3z el LE 27 17-2k 50 ———
Core power density, kw/i{ 81 13C 1€ - 6t i 160
Fuel elements Rod bundle Rod bundle Concentric tubes Graphite cyl. Rocé bundle Molten salz Molter salt
Fuel rod or tube diam., in- 0.32-0.3¢ 0.k2 1.3L, 2.6, 3.83 4.5 o.ga;ko.x --- ---
Fuel U2 U02-ThOz U0z-ThO2 UC2-ThC2 U02-ThO2 UF4-ThF4-LiF-BeFz UF4-LiF-BeFz
Fuel mensgement 1/3 scatter Batch On-line 1/1z scatter Batch Continuous Continuous
refueling refueling refueling

a . N
Circulated through external heat exchanger.



The Spectral Shift Control Reactor (SSCR), which utilizes a mixture

of light and heavy water as the moderator and coolant, is based on a

designl by Babcock and Wilcox. In this concept, the entire core is re-
fueled at one time; fuel depletion and fission product build-up are com-
pensated by increasing the H2O/D2O ratio to reduce the probability of
neutron capture in thorium resonances. Twelve zones having different
uranium-to-thorium ratios are used to flatten the power distribution, thus
reducing the peak-to-average to 1.9 from the higher value of the PWR. This
permits a high power density, and the SSCR reactor vessel size is reduced
from that for the PWR.

The Heavy Water Reactor (HWR) is a pressure-tube type based on a

design studyl by E. I. du Pont de Nemours and Company (Savannah River
Laboratory). Pressurized heavy water coolant passes through 688 Zr-2.5%
Nb pressure tubes which have an inside diameter of 4.43 in. and are 0.16
in. thick. Concentric tubular fuel elements are used, and the reactor is
refueled while at power.

The Seed-Blanket Reactor (SBR) is based on the movable-fuel concept
3,4

proposed by Bettis Atomic Power Laboratory. In this concept, fully-
enriched uranium is located in annular seed regions distributed throughout
a thorium blanket. The SBR is controlled by axial movement of portions of
the seed, which changes the effective thickness of the seed amnulus. This
results in a change in the leakage of neutrons from the highly reactive
seed regions into the subcritical blanket regions, thereby providing crit-
icality control. Control poisons are thus eliminated, and the neutron
economy improved.

In the "converter recycle'" concept considered here, the seeds are
initially fueled with U255, and U255 is recovered from the blanket. After
about three converter cycles using U255 seeds, the accumulated U255 is used
to fuel the core. According to Bettis, self-sustaining recycle is achieved
afterwards with no additional fuel makeup required.

The design evaluated here has 61 seed modules, and the reactor vessel

is a 28-ft inside diameter by 9-in. thick sphere.



The High-Temperature Gas Cooled Reactor (HTGR) is a helium-cooled,

graphite and BeO moderated reactor based on the "TARGET" conc:eptl’5 of
General Atomics. Graphite fuel elements contain loose pyrolytic-carbon
coated fuel particles in holes located in a "phone-dial" arrangement. Two
sizes of particles are used, one containing only uranium and the other
only thorium. The two types of particles are separated at the end of the
cycle and processed separately. Material from the uranium particle is
sold or discarded to reduce the buildup of U256 in the system. Bred
uranium recovered from the thorium particle is combined with makeup U255
and refabricated into the uranium-only particles for a subsequent fuel
cycle. Thus, the makeup U255 is never recycled and bred uranium is re-
cycled for only one pass. A BeO spine in the center of the graphite body
has a volume that gives a carbon-to-Be atomic ratio of 2..4.

Use of a 56-ft inside diameter pre-stressed concrete reactor vessel
that contains the core, the steam generators, and the blowers is a major
design feature of the plant.

The Molten Salt Converter Reactor (MSCR) is essentially a scaled-up

design6 of the MSRE now in operation at Osk Ridge. It consists of a
Hastelloy-N vessel filled with graphite moderator. A fuel salt, consisting
of fluorides of uranium, thorium, lithium, and beryllium, and melting at
about L475°C, is circulated through passages in the core graphite and then
through an external heat exchanger. A side stream of the fuel salt is
processed continuously for fission product removal in a fluoride volatility
and vacuum distillation processing plant integrated with the reactor.

The Molten Salt Breeder Reactor (MSBR) is similar to the MSCR, except

that the fissile and fertile materials are maintained in separate streams.
The fertile stream not only circulates through the core graphite, but also
surrounds the core forming a large blanket. The fuel stream circulates
through the core within graphite tubes. The two-stream design makes
possible a smaller core, lower neutron leakage, and decreased neutron

losses to protactinium.



Engineering Performance and Status of Development

Evaluation of the thermal designs of the solid-fuel reactors indicated
that all appear to be adequate, with the reservation that the power peaking
factors were not checked by physics calculations and the enthalpy rise
factor of 1.8 claimed for the pressurized water reactor has not yet been
demonstrated. With regard to fuel element requirements, the PWR and SSCR
appear to be designed on the basis of current technology. The clad on the
blanket rods of the SBR appears not to be "free-standing", but by proper
selection of dimensions it can very likely be made to operate satisfac-
torily.*

The remaining reactors are designed on the basis of extrapolations
of fuel element technology well beyond existing data. Tests of the nested
fuel elements for heavy-water reactors have not progressed to the burnups
required at the specified heat ratings, and neither the largest size tubes
nor assemblies of tubes have yet been tested. The HTGR concept requires
further testing of coated particles of large sizes and to high burnup,
and demonstration of the operation of graphite fuel elements for a six-
year life.

The PWR, SSCR, and SBR all require large heavy-walled pressure vessels
that are beyond present experience, but the problems associated with their
construction appear to be solvable. The HWR uses Zr-2.5% Nb alloy pres-
sure tubes on which corrosion and creep information are favorable but
which require excessive extrapolation to predict a 30-year behavior. An
on-line refueling machine specified for the heavy water reactor will re-
quire high reliability under severe conditions. Adequately low losses of
heavy water from the SSCR and HWR can probably be achieved, but care with
closures, seals, and leakage recovery systems will impose some burdens

during operation and maintenance.

*It was announced recently that Zircalcoy-clad Zrog-diluted U0, rods
typical of seed elements for long-life SBR cores have failed in irradiation
experiments, but we do not yet know the details of the failures and their
applicability to the shorter life breeder cores.
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Feasibility of the particular HIGR design proposed depends largely
on successful demonstration of the prestressed-concrete reactor vessel
that houses the entire primary system, including the core, helium-
circulating blowers, and steam generators. While French and British
experience with concrete reactor vessels is applicable, and both the
French and British have "all-inside" plants under construction, successful
performance of vessels of the high temperature gas cooled reactor type
remains to be demonstrated.

A preliminary analysis of plant availability indicates that a high
degree of reliability will be required of all reactor equipment. Because
of the scheduled down-time required for the reactors which are shutdown
for refueling, only a few percent of the operating time will be available
for unscheduled equipment outages if those plants are to have an availa-
bility of 90%.

The state of development of the systems and components required for
the operation of the reactors is far from equal. The light-water-cooled
reactors have the most extensive operating experience to call on. Heavy-
water reactors have the advantage of NPD, CVTR, PRTR, and HWCTR experience,
with the operation of the 200-Mw(e) CANDU reactor anticipated soon. Until
operation of the Peach Bottom, Dragon, EGCR, and Oldbury stations is under
way, the technology of the HTGR must be considered the least firmly estab-
lished among the solid-fueled reactors.

The molten salt reactors are in a separate line of development,
represented at present by two small reactor experiments, but no full-scale
plants. The feasibility of the molten salt concept was demonstrated in
1954 with the Aircraft Reactor Experiment, a 2.5 Mwt reactor with a 900°C
maximum temperature. The Molten Salt Reactor Experiment, which went
critical on June 1, 1965 is a 10 Mwt, graphite-moderated reactor operating
at 680°C, and is designed to demonstrate the compatibility of the con-
struction materials, Hastelloy-N and graphite, with the molten fluoride
fuel, as well as the operation and maintenance of the pumps and other
conmponents.

The MSCR is essentially a scale-up of the Molten Salt Reactor Ex-

periment but is designed for a somewhat higher temperature, 730°C, and for
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a higher power density. The assumed on-line processing has not been
demonstrated, but the extension of the well-developed fluoride volatility
process6 should be straightforward. A process for removing rare-earth
fission products from the fuel by vacuum distillation has been tested on a
laboratory scale. Rapid removal of xenon will be tested in the Molten Salt
Reactor Experiment and uncertainties regarding the behavior of some other
fission products clarified. The plant design is based on use of an inter-
mediate coolant between the fuel salt and the steam system, but all of the
coolants considered present some design or development problems.

The MSBR involves several features that are still under development.
The use of graphite tubes to separate the fuel stream from the fertile
stream has not been demonstrated, although a method has been developed for
making brazed graphite-to-metal joints, remotely if necessary. Replace-
ment of the tubes will be possible, but a design which allows adequate tube
life to be obtained in spite of graphite shrinkage will be required.
Another engineering problem is the close-coupling of the primary heat ex-

changer to the reactor that is required to minimize the fuel inventory.

Economic Context and Cost Factors for

the Comparison of Reactors

As noted earlier, the period of interest for the introduction of
thorium reactors appears to be the 1970's. We have, therefore, defined a
set of economic assumptions that would represent the average conditions
over the 30-year life of a reactor concept if a number of reactors of that
design were built in the United States between 1970 and 1980. These are
as follows:

1. The technology used in the reactor and power plant designs was,
in general, restricted to that which would be available for smaller, pro-
totype reactors to be built for startup in 1970.

2. Private ownership of the reactors, the fuel, and of the fabrication
and processing plants was assumed as the reference case, and annual charges
were taken as 10% on fuel, heavy water, and Li7, 12% on the reactor plant,
and 22% on the fuel fabrication and processing plants. Alternate plant
fixed charges of 7% and inventory costs of 5% were used to represent public

ownership.



12

5. Fuel fabrication and processing costs are based on single-
purpose plants, each capable of serving 15,000 Mwe capacity of the concept
under consideration. Because the plant size is specified in terms of
electrical capability, the capacity in tonnes/day is different for each
fuel burnup.

4. Levelized fuel cycle costs were computed by determining the
"present worth" of all expenditures and receipts during a reactor life-
time of 30-years using a discount factor of 6%. The reactor plant availa-
bility was required to be 0.9 in. in order to achieve an average plant
factor of 0.8 over the plant life. The unit costs of fuel fabrication and .
processing were held constant throughout the reactor life.

5. Assumed costs of nuclear materials are $17.60/kg U508 and $30/kg -
separative work ($12/gm fully enriched U255), $11/kg ThOE, $1h/gm U255,
$10/gn fissile Pu, $37.40/kg DO, and$al2 /em Lil.

6. The thorium reactors are fueled initially with fully enriched U255
and the bred uranium subsequently recycled with fully enriched U255 makeup
as required. Plutonium from the PWR was assumed to be sold at $lO/gm,
which studies have indicated gives about the same fuel cycle cost as if
the plutonium were recycled.

7. The times for fuel fabrication, shipping, post-irradiation cooling,
etc. were estimated for each case. Ownership of fuel during fabrication
and processing was assigned to the reactor plant, and the inventory charge
includes the full out-of-pile inventory. Shipping costs were estimated
for each fuel element design and irradiation condition assuming that the
fabrication and processing plants are located at a site 1000 miles from
the reactor.

The ground rules and procedure followed are similar to those stated
in more detail in reference 1, with however, some changes in the values

of materials.
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Physics of Thorium Cycle Reactors

The outstanding characteristic of thorium cycle thermal reactors is
the favorable neutron economy which is obtained using U255 as the fission-
able material. This results largely from the value of 7, the number of
neutrons produced per neutron absorbed, which at 2200 m/sec is 2.29 for
U255 but only 2.07 and 2.10 for U255 and Pu259.

of an actual reactor the n's of all three nuclides will be less than the

In the thermal spectrum

2200 m/s values because of the necessity of elevated moderator temperatures
and because of hardening of the neutron energy spectrum. A significant
fraction of neutron absorptions occur at epithermal energies where the
values of 7n for all of the nuclides decrease. The effect of epithermal
absorptions 1s generally least harmful with U255, but there has been a
troublesome uncertainty in the U255 epithermal cross sections. A cross
section set derived from various differential cross section measurements,
mainly fast chopper measurements, yields an average capture-to-fission
ratio (alpha) of about 0.23. Integral epicadmium measurements by Halperin7
at ORNL and by Feiner at KAPL8 have indicated, however, that the average
value of alpha in a 1/E spectrum above 0.5 ev is about 0.17. The weight
of evidence appears to favor the lower value of alpha, and it has been
used in this study.

Several other differences, less important than the value of 7, occur
in the comparison of the thorium cycle with the uranium cycle. One of
these is that the fission product yield curve is shifted slightly toward
lower mass numbers in the case of U255 fissions. This appears to give a
favorable effect on the average absorption cross section, particularly in
the vicinity of mass 149 where there are a number of high cross section
nuclides, and the yield from U255 is only 0.0076 compared to the U255
yield of 0.0113.

An unfavorable and well-known aspect of the thorium cycle is the
relatively long half-life (27 days) and high cross s;ction (43 barns
253

thermal and 925 barns resonance integral) of the Pa which is inter-

mediate in the conversion of thorium to U255. When a neutron is absorbed
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235

in Pa the loss in conversion ratio is equivalent to two neutrons. In
order that there be a favorable result in the competition between decay
of Pa255 into U255 and absorptions in Pa255, the flux in the regions con-
taining thorium should not be too high. In most designs the specific
power is kept lower than it would otherwise be for this reason. Small
cores with breeding in external blankets or continuocus movement of the
thorium in and out of the high flux regions could also increase the fraction
of Pa255 which decays into U255.

The initial buildup of Pa255 and consequent delay in generation of
U255 in a fuel element causes a rapid decrease in reactivity of thorium-

235

cycle reactors during the first several half lives of the Pa This

255

reactivity is recovered when the Pa decays during a shutdown, and

losses to the control poisons that are required to offset these '"protactinium
transients" can be important in a reactor which is shutdown frequently.

A typical plot of reactivity vs burnup in Figure 1 shows the contrast of

a U255-thorium reactor with a partially enriched uranium reactor, which

259

has an initial reactivity increase as the Pu , with its high fission
cross section, builds up.

Although the ultimate goals of thorium reactor designs may include
breeding, it is difficult to reconcile the other, often conflicting, de-
mands of low fuel-cycle cost and low capital cost with the requirement of
high enough neutron economy for breeding. Neutron leakage and parasitic
captures in moderator, coolant, and structure can take an appreciable
fraction of the available neutrons. The losses to fission products become
important if the fuel fabrication and reprocessing costs require high fuel
burnup. A further reduction in neutron economy comes from the fact that
non-breeding systems must use U255 (or possibly plutonium) as makeup to
supplement the bred U255. The lower 1 of these isotopes plus the increased
buildup of U256 and Np257 further reduce the breeding ratio. A rough rule-
of-thumb is that the decrease in breeding ratio from any increased parasitic
capture, such as in fission products, will be doubled when one takes into
account the greater proportion of U255 in the recycled fuel. The use of
thorium in non-breeding reactors serves principally to extend burnup and

increase the utilization of fissile uranium.
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We have calculated the performance of the PWR, SSCR, HWR, and HTGR
described earlier as to breeding ratios, burnups, and mass balances over
the thirty year history. The isotopic depletion calculations were typically
done with 15 energy groups using cross sections that were condensed from a
98 group set. The fuel management scheme recommended by the sponsor was
used in the calculations with, in one case, as little as 1/12 of the core
refueled at a time. An appropriate delay time was considered between re-
moval of spent fuel from the core and recycle of the reprocessed fuel.
Several cases were calculated for each reactor type with variation of fuel
enrichment to determine the optimum burnup.

In the case of the seed blanket reactor, we performed no physics cal-
culation ourselves for the specific design considered but used values pro-
vided by Bettis. However, we previously analysed an SBR core which was
designed to have a breeding ratio greater than 1.0 and found that starting
with pure U255, it was capable of operating for over two years with no net
consumption of fuel. Our physics calculations for the MSR's were made
using an automated computer program that determined the economic optimum
design and computed the physics performance and fuel cycle cost at equilib-
rium conditions. Thirty-year-average values were obtained by correcting
the equilibrium results for the time variation in nuclide concentration
assuming that the reactors are started with U255.

Results are given in Table 2 for near-optimum cases of each reactor
type.

The SSCR has the lowest breeding ratio of the thorium reactors. This
is attributable to the low 7 in the undermoderated condition of the first
part of the cycle and the parasitic captures in hydrogen in the last part
of the cycle. The HWR gives the next higher breeding ratio in this com-
parison. The use of heavy water for both coolant and moderator can result
in very good neutron economy since there are virtually no absorptions in
the heavy water. The fact that the breeding ratio for the HWR was only
0.84 is caused by the parasitic absorptions in the pressure tube and by the
economic necessity of reducing heavy water inventories. HWR's could give
breeding ratios above unity if the economics favored such a design. The

neutron economy of the HTGR is hurt slightly by the absorptions in the
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Table 2. Reactor Performance

\ Index of

Concept Enr?iiienta (MWd§;PEEUSe+ Th) B;Ziizgg Fuel . cC

Consumption
PWR 2.2 21,000 0.60 1.29
SSCR 4.0 25, 400 0.75 0.80
HWR 2.1 28,800 0.84 0.60
HTGR 2.1 52,300 0.90 0.22
SBR 1.4 12,000 1.00 0.00
MSCR 2.6 2,300 0.96 0.09
MSBR (a) (a) 1.06 -0.13

&percent by weight, based on total heavy metal.
bGross estimated for last cycle of 30-year reactor life.

©(1.0 - breeding ratio)/thermal efficiency, a measure of relative
fuel consumption.

dNot applicable because fertile and fissile streams have different
cycle times.

graphite and BeO moderator, but is is helped by the (n, 2n) reaction in

the beryllium and by a device of keeping the bred fuel separate from the
makeup U255 and recycling only the bred fuel. After being fueled with U255,
the SBR has the highest breeding ratio of the solid fuel element reactors.
It achieves a breeding ratio of 1.0 in light water by having a high moder-
ator content in the seed for thermalization where most fissions occur and
having a low moderator content in the blanket to reduce parasitic losses
there.

The MSCR has good neutron economy by virtue of using graphite moder-
ator and continuously stripping out the volatile fission products so that
there is little poisoning from xenon. The MSBR also used graphite moder-
ator and continuous stripping of volatile fission products. In addition
it has separate fertile and fissile fuel streams and is able to minimize

235

neutron losses to Pa by allowing most of the Pa to decay in low flux

regions.
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The cumulative ore requirements for inventory and makeup of the re-
actors have been computed and are shown in Figure 2. In each case the
nuclear power industry of the U.S. was assumed to consist entirely of the
reactor concept considered, and the power growth rate was taken from the
estimate of the November 1962 "AEC Report to the President". The ore com-
mitment at a specified date was taken to include the inventory in the
operating reactors and associated processing plants as well as the makeup
which would be required for existing reactors over the remainder of a 30-
year life. In the case of the MSBR, however, the ore requirement at a
particular time was not reduced by bred fuel to be produced in the future.

By the measure used in Figure 2, the ore requirement for the SBR over
the next 50 years could be as high as that of a converter which has a
lower conversion ratio but also a smaller fuel inventory. Hence comparison
on this basis is somewhat unfair to the SBR, since at the same ore commit-
ment it would actually consume less fuel than a converter. On the other
hand, the converters were not optimized for high fuel utilization, and
higher conversion ratios could be achieved in them at the expense of
higher power cost.

An example of the breeding ratios that can be obtained when a thorium
cycle reactor is designed for maximum breeding is shown in Figure 3. The
calculations are for the HTGR described earlier, operating at an average
core power density of 7 w/cmj. If one assumes that all fission products
are to be retained in the fuel until it is reprocessed (the current design
aim) the maximum breeding ratio is 1.07 after deducting processing losses.
If, instead, a fuel were designed to release instantaneously all of the
volatile fission products (the noble gases and halagons) the maximum
breeding ratio would be 1.11. The release of volatile fission products
plus the lithium formed in the (n, @) reaction in the beryllium would give
a maximum breeding ratio of 1.12. The corresponding doubling times, as-
suming an out-of-reactor holdup time for reprocessing and refabrication of
60 days, are 55 years, 30 years, and 24 years. Since complete instantaneous
fission product release from solid fuel elements is probably not achievable,
the maximum attainable breeding ratio for this concept is probably some -

where between 1.07 and 1.12.
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It should be kept in mind that the low fuel burnups for the cases
shown in Figure 3 would give excessive fuel-cycle costs unless extremely
cheap processing and fuel fabrication procedures which have low fuel holdup
were developed. For this reason, fluid fuel reactors appear to be partic-
ularly apt candidates for thermal breeders. The MSBR referred to in Table
2 has, for example, a breeding ratio of 1.06 with a low fissile inventory
(0.7 kg fissile U/Mwe) and is thereby able to achieve a system doubling

time of 10 years.

Fuel Cycle Costs

Fuel fabrication, processing (including ultimate waste disposal),
and shipping costs were estimated for each reactor as functions of plant
throughput using the methods described in reference 1. For the PWR, SSCR,
HWR, and HTGR, these unit costs were combined with the thirty-year mass
balances and, using present worth accounting, levelized fuel cycle cost
was obtained as a function of fuel exposure. This procedure yielded the
minimum costs for the core designs considered, but it should be noted
that dimensions, fuel-to-moderator ratio, plant design conditionms, etec.,
were those specified by the reactor designers, and such factors were not
varied.

In the case of the seed blanket reactor, we used only the single set
of mass balances provided by Bettis and no optimization was done. As
mentioned earlier, calculations for the MSR's were made using a computer
program that selected the optimum design and computed the equilibrium fuel
cycle cost. Thirty-year average costs were obtained by correcting the
equilibrium results for the time variation in nuclide concentration as-
suming that the reactors are started with U255.

A near-optimum example of the operating conditions and fuel cycle
cost breakdowns for each concept is presented in Table 3. The inventory
costs reported in the table include the fuel held up during processing

and fabrication.
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Table 3. Thirty-Year-Average Fuel Cycle Costs for Reference Economic Factors

a

Reactor PWR SSCR HWR HTGR SER MSCR MSER
Equilibrium or last-cycle data
Exposure, Mwd/MT of fuel 21,000 25,400 29,k00 52,300 12,000 2300 -
Fuel lifetime, full-power yesrs 1.83 1.46 1.6k4 4 .95 2,18 o0.21 0.08
Feed enrichment, wt % fissile material 2.2 4.8 2.1 3.1 1.4 2.6 ---
Fabrication and processing plant size for 670 555 590 189 1,300c (£) (£)
15,000 Mw(e), MT of fuel per year
Fabrication cost, $/kg of fuel 52.50 k7.20 37.50 115.00 51.50d [o] o]
Processing cost, $/kg of fuel 31.20 39.00  39.70 105.00  23.00°  --- -
Fuel shipping costs (fabricated + irradiated), 4.00 8.00 5.90 25.60 5.00 0 0
$/kg of fuel
Out-of-pile holdup time, days 310 360 330 390 290 - _——-
Initial fissile inventory, kg 2,060 2,910 1,450 2,910 3,50 1750 620
Value of first core loading, $1o6 15.05 35.82 18.33 36.00 43.82 21.00 T.4h4
Fabrication cost of first core, $10 5.4k 3.20 3.00 16400  8.60 1.308 u.3
Fuel-cycle cost, mills/kwhr(e)
Fabrication 0.34 0.25 0.22 0.26 0.61 0.04% 0.088
Net fuel burnup and losses® 0.71 0.60 0.0  0.19  0.12  0.07® -0.08"
Processing 0.20 0.20 0.24 0.19 0.27 0.08 0.12
Shipping 0.03 0.0k 0.04 0.05 0.05 0.00 0.00
Pissile and fertile inventory 0.25 Q.72 0.43 0.51 0.95 0.37 0.17
Interest on fabrication 0.08 0.03 0.05 0.17 0.08 0.028 0.068
Interest on processing -0.01 -0.01 ~-0.01 -0.03 -0.03 0.00 0.00
Net fuel-cycle cost 1.60 1.83 1.37 1.34 2.05% 0.58 0.35

BFueled with partlally enriched uranium.

Prosses = 14 in processing, +0.2% in fabrication.
SPor breeder, pre-breeder throughput 1s 860 MT/year.
dpor breeder, pre-breeder costs, $64/kg.

®For breeder, pre-breeder costs, $30.50/kg.
fIntegrated processing.

8osts assoclated with carrier salt, including 1.17.
hI.osses = 0.1% per pass through processing
iIncludes cost of initial purchase of BeO.
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The costs for the solid-fuel reactors in Table 3 reflect the large
capacity fabrication and processing plants assumed for this study. Costs
associated with fabrication and processing range only from 26% of the
total fuel cycle cost for the SSCR to 45% for the SBR. An effect of
lowering the importence of the costs for processing and fabrication is to
increase the importance of the costs associated with owning and consuming
uranium, particularly for a 10% inventory charge. Consequently, the fuel
cycles generally tend to optimize at lower burnups than those cited by
the concept sponsors.

The HTGR achieves the lowest fuel cycle costs of the solid-fuel re-
actors by virtue of its good neutron economy and long fuel life, and its
high thermal efficiency gives it a special advantage over the water cooled
reactors with which it is compared. Still lower costs--down to perhaps
1.2 mills/kwh--could be achieved in the HIGR if the BeO were eliminated,
but the breeding ratio would be lower and the fuel utilization poorer.

Good neutron economy and low fuel fabrication costs assist the HWR
in maintaining low fuel cycle cost (if heavy water cost is not included).
While the PWR has somewhat higher burnup costs than the SSCR, the dif-
ference is more than offset by the lower inventory cost of the PWR that
results from use of partially rather than fully enriched uranium.

The high fuel cycle cost of the SBR results from a combination of
large fissile inventory and short core life. The SBR was not optimized
for minimum power cost as were the other reactors in the table but was
designed specifically to obtain a breeding ratio above 1.0 after accumula-
tion of a core loading of U255. Probably lower fuel cycle costs could be
obtained if it were optimized for the ground rules used.

The MSCR achieves low fuel cycle costs through the good neutron
economy it gets from xenon removal and continuous fuel processing, from
essentially eliminating fuel fabrication cost, and from high thermal
efficiency. Although the fuel processing plant for the molten salt re-
actors is at the reactor site and integrated with the reactor, the capital
charges (at 12% per year) and operating costs for the processing plant
have been isolated and reported in the fuel cycle breakdown as processing

costs. By use of separate fissile and fertile streams, with a thorium




2k

blanket surrounding the core, the MSBR achieves improved neutron economy
over the MSCR and a lower fissile inventory. Low processing cost is ob-
tained even with quite short cycle times by the use of fluoride volatility
and distillation processes; the estimated cost of an integrated processing
plant for the MSBR is less than $5,000,000.

Because the inventory and interest charges used in this study may not
apply in many cases, and because the price of uranium ore may differ from
the reference value used, the fuel cycle costs reported in Table 3 have
been recalculated for different economic assumptions. The cycles have not
been reoptimized for the changed conditions, however, and somewhat lower
costs than those given could be achieved by reoptimization.

As seen in Table L4, doubling the reference cost of U508 (making it
$35.2/kg) would increase the fuel cycle costs of the MSBR by 0.03 mills/kwh,
the MSCR by 0.15, the HTGR by 0.24 the HWR by 0.29, the SBR by 0.37, and
the PWR and SSCR by about 0.46 mills/kwh. Reducing the inventory and
interest charge from 10 to 5% would benefit the SBR the most because of
its large fuel inventory and benefit the MSR's and PWR the least because

of their low inventory costs.
Power Costs

Capital and operating costs of the reactors were estimated with the
help of Sargent and Lundy Engineers from information provided by the
sponsors of the concepts. Since design assumptions varied from one concept
to the next, common features or conditions of plants were made comparable
before the costs were normalized. A plant design was not available for
the SBR and its capital cost was taken as that of the PWR. The costs for
the molten salt reactors were obtained by pertubation of the costs estimated
for the sodium graphite reactor in reference 1. A change from reference 1
for all reactors is the use of total indirect costs equal to 32% of the
direct costs rather than L1%; the lower value seems more consistent with

costs reported for large plants.



Table 4. Effect of Variation in Economic Factors on
30-Year-Average Fuel Cycle Cost*

Reactor PWR SSCR HWR HTGR SBR MSCR MSBR
Fuel cost for reference conditions, 1.60 1.83 1.37 1.34 2.05 0.58 0.35
mills/kwhe
Effect of change in fuel inventory 1.44 1.46 1.13 1.00 1.53 0.38 0.23
and fabrication interest charges
to 5% per year, mills/kwhe
Effect of change in uranium ore cost,
with bred fuel values changed in
proportion to fully-enriched
uranium, mills/kwhe
At $8.8/kg U308 ($9.54/g UP2?) 1.30 1.55 1.20 1.19  1.83 0.47 0.33
At $35.2/kg Us0g ($16.23/g Ue32) 2.07 2.29 1.66 1.58 2.4 0.7% 0.38

*Values given are pertubations of the base cases without reoptimization.

se
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Table 5 presents the estimated capital and operating costs and com-
bines them with the fuel cycle costs given in Table 3 to obtain power
costs. Values are given for both the reference economic condition and for
inventory rates and fixed charges that are more appropriate for government
ownership or for special financing and taxation arrangements. The cost of
heavy water includes both inventory charges and an assumed 2% per year
loss rate.

The low capital costs of the HTGR are attained largely through use of
the prestressed-concrete vessel that contains the entire primary system.
The SSCR cost is lower than that of the PWR because of savings resulting
from the high core power density. Elimination of a mechanical fuel handling
system, reduced control requirements, low system pressure, and small heat
transfer areas in the heat exchangers kept the costs of the molten salt
reactor from being high in spite of the high melting coolant and the
intermediate heat transfer loop.

The capital cost values shown of course have considerable uncertainty
associated with them. More confidence, however, can be placed in the costs
of one concept relative to the others. An examination of the details of
the estimates indicates that the capital cost of any of the solid fuel
plants relative to the others could be as much as 0.1 mills/kwh lower than
the values shown for the reference conditions. Only the HWR, the HTGR,
and the molten salt reactors could be much higher than the estimates: as
much as 0.1 mill/kwh in the case of the HWR, and up to 0.2 mills/kwh for
the HTGR (largely because of uncertainties about the concrete reactor
Vessel). The cost estimates of the molten salt reactors are more uncertain
than the others because less is known about the designs. Since much of
the equipment in power plants is similar for all concepts, and since we
have tried to be conservative in maeking the estimates, it would not appear
that the capital costs of the MSR's could be underestimated by more than
0.2 mills/kwh.

Although the same operating cost is used for all plants, there will
clearly be some variations, but insufficient information is available at

present to make a significant distinction.



Table 5. Contributions to Power Cost

Reactor Concept PWR SSCR HWR HTGR SBR MSCR MSBR
Plant capital cost, $/kwe 124 116 126 110 124 123% 1082
Power cost with 12% fixed charges on
reactor plant and 10% fuel inventory
and fabrication interest charges
(mills/kwhre)
Capital 2.1 2.0 2.2 1.9 2.1 2.1 2.2
Operating 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Fuel cycle 1.6 1.8 1.4 1.3 2.0 0.6 0.4
Heavy water 0.1 0.5
Total 4.0 4.2 L.y 3.5 L.y 3.0 2.9
Power cost with 7% fixed charges on
reactor plant and 5% fuel inventory
and fabrication interest charges
(mills/iwhre)
Capital 1.2 1.2 1.3 1.1 1.2 1.2 1.3
Operating 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Fuel cycle 1.4 1.5 1.1 1.0 1.5 0.4 0.2
Heavy water 0.1 0.3
Total 2.9 3.1 3.0 2.4 3.0 1.9 1.8

aExcluding on-site processing facilities, for which charges are included under

"Fuel Cycle Cost".

Le
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Conclusions

The results of our evaluation show that there are thorium cycle re-
actors which can have both lower power cost and better fuel utilization
than a PWR. As often occurs in comparative evaluations, however, the
systems which are the least developed or about which the least is known
~---the HTGR and the MSR's---appear to have the lowest costs. Since our
estimates are intended to represent what the costs would be if the reactors
were successfully developed, they do not reflect uncertainties in the
technology.

The molten salt reactors have the lowest power costs of all the re-
actors studied as a result of their low fuel cycle cost, but there are a
number of design and development problems which need to be solved. The
MSBR, in fact, appears to violate the ground rule that the technology used
in the designs be limited to that which could be used in a prototype to
go on line in 1970. However, the use of on-site processing for the MSR's
does eliminate one economic uncertainty in that achievement of low fuel
cycle costs would not await the growth of a large support industry. In
spite of the development problems which need tc be solved, the MSBR offers
a particular virture in that it can breed and at the same time could have
low enough power costs to make it attractive to power system operators.

Of the solid fuel reactors, the HTGR appears particularly promising,
but both the graphite fuel elements and the "all-inside" concrete pressure
vessel require demonstration in a power reactor. Thus while the HTIGR
concept is flexible and alternate design approaches are available, its
success will depend on the favorable cutcome of forthcoming tests of its
important features and on creation on an adequate scale of the somewhat
unique fabrication and processing facilities it requires.

The heavy water reactor evaluated in this study has good fuel
utilization but its high power cost makes it unattractive. However, stud-
ies by others of wusing organic or boiling light-water coolants for HWR's
have shown that appreciable reductions in capital costs, including the D20
inventory, can be obtained. By a substitution of coolant the power cost

of the HWR thus possibly could be lowered significantly from the value we
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obtained. Since the SSCR offers neither lower power costs nor significantly
better fuel utilization than the PWR and has the disadvantage of having
heavy water in the coolant, its further development seems unlikely.

The SBR has good fuel utilization but high power cost. It is dif-
ficult to compare it with the other reactors, however, since it was
designed for a particular breeding ratio and was not optimized for the

conditions of our study.
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The Energy Supply Problem

Throughout the nuclear power industry, people have in recent years
become increasingly aware of the fact that mining uranium for its fissile
content can at best be only a temporary solution to the energy supply
problem. There is Jjust not enough low cost uranium ore to sustain
mankind's power needs for long, especially in view of the rapid growth
of these needs. Although the vast quantity of high cost fissile uranium
existing in the earth's crust can conceivably be considered a source of
energy, to utilize this source as such would entail expenditures far
greater than could be tolerated by our expanding civilization. The
solution to the long term energy supply problem therefore, as everyone
well recognizes is to produce all future fissile needs by breeding
rather than by mining U-235. Sinc: an abundant supply of bred fissile
material means an abundant supply of neutrons, which in turn can be
used to produce more fissile material from U-238 or thorium, breeding
is effectively a 'renewable" source of energy whose costs are no longer
sensitive to the costs of mined source material. Iatent energy sources
such as fossil fuels and mined (and separated) U-235, on the other hand,
even though they may be 'relatively inexhaustible” will always be
confronted by the problem of rising production costs. When application
by application, these costs become prohibitive, the use of such latent
sources must necessarily dwindle and the renewable sources take over.

Of the many possible renewable energy sources that exist in the
world such as wind, tides, solar energy, farm wastes, etc., only the
breeding of fissile material appears to be sufficiently economic,
adequate and adaptable to serve as an overall long term energy source.
Thus the question to be answered for each individual needs is not
"Must we develop nuclear power breeders?", but rather, "When must we
develop nuclear power breeders?". In this context, the word "develop"
should be taken to mean '"develop to the point where they are economically
competitive with alternative power sources' because regardless of their
state of technical development no breeders will be exploited commercially
unless they are economically competitive. It is obvious that the answer

to the above question is "As soon as possible" merely because renewable



energy sources are economically stable over a long period whereas latent
energy sources are not. The main problem then is to find the optimum,
shortest path to follow to develop such breeders. It is the purpose

of this paper to show how thorium fits into this overall picture.

Economics and Fuel Utilization

The development of any power system whether it be nuclear or
conventional is complicated because of the many opposing forces which
influence the path taken. In general, economic factors such as
investment and operating costs, costs of money and anticipated profits
dictate the direction to go; however, for any new unit being considered,
these are tempered by an assessment of the reliability and performance
of the unit and the overall risk involved. Because most power systems
are developing very rapidly, gross changes in technology and particularly
in the fuel supply picture are likely to occur during the life span of
any individual plant. TIn spite of this, most decisions are based mainly
on prevailing conditions rather than on future possibilities even
though these latter might indicate a different direction to take.

The nuclear industry, in particular, is characterized by such an
approach. Present lines of development are based almost entirely on
historical origins rather than on future outlooks. These historical
lines of development unfortunately involve reactor designs and systems,
such as the light water moderated reactors, which have been optimized
for minimum power costs in an era of cheap and abundant uranium. For
this reason, most present day reactors are wasteful of neutrons and
thereby have very poor fissile production characteristics. Because of
this, they consume rather than produce fissile material and in order
to produce cheap power are more or less completely dependent on a
continuing supply of low cost uranium from the ground. Fortunately,
present estimates indicate that resources of cheap uranium are relatively
plentiful compared to present and near-future needs. Thus, current
technology light water reactors appear to be an acceptable short term
solution to the energy supply problem even though they may be inadequate
as a long term energy source. The question now becomes - "How can the

gap between present day reactors and breeders best be bridged?"




One obvious approach, of course, is to start with present day
reactors and gradually improve their neutron utilization characteristics

(measured in terms of fissile material produced) with the hope that they

might evolve into breeders. Although this approach may result in reactors

with very good fuel utilization characteristics, the disparity between
neutron utilization in current reactor types and what is needed for the
reactors to be efficient breeders seems too great to overcome. It is
not enough for reactors to eliminate the consumption of fissile material,
they must go beyond this point and produce excess fissile material at a
rate adequate to meet all needs.

A second approach to the establishment of a breeder industry, which
is the one generally being pursued, is to support an independent line of
fast reactor development leading hopefully to commerically exploitable
fast breeders. The chances of success in this direction are very good;
however, the technology of sodium cooled fast breeders on which most
hopes are based, is radically different from that of current technology
water reactors. Unknown problems and uncertain economics confront the
fast breeder line of development, as a result of which, the time
required for complete success is quite uncertain. Thus, a considerable
time might elapse during which a large amount of uranium must be mined
to support the U-235 consuming industry. If too long a time is allowed
to elapse before bringing fast breeders on the line, the amount of money
spent on mining uranium and separating the U-235 in diffusion plants will
reach astronomical proportions.

A third approach which represents the middle ground between the
two approaches previously described may be the answer. This approach
involves the development of reactor systems whose technology is not
appreciably different from that of present day reactors but which offer
the possibility of developing into efficient breeders. Such reactors
can not only reduce the consumption of uranium in the interim period
but without drastic changes in technology can also solve the long range
problem of providing a new source of fissile material Dby breeding. It

is in this category of reactors that thorium fueled reactors belong.



The Future Role of Thorium Converters and Breeders

The role of thorium reactors may be twofold; first, as recycle
converters which make better use of mined U-235 than U-238 based
converters; and second, as high performance thermal breeders playing a
primary or secondary role to fast breeders. Implementation of the first
role, namely the development of advanced thorium converters, may achieve
the following three objectives:

a) reduction in nuclear fuel cycle costs.

b) reduction in the requirement for mined uranium and
associated U-~235 separation in diffusion plants.

c) development of a technology which might result in high
performance thermal breeders.

The justification for pursuing these objectives, however, depends
on what it costs to attain them compared to future savings that might
result. In the last section of this paper, a guantitative assessment
of this aspect is given which indicates that the present worth of future
savings achievable through the successful development of advanced
thorium converters followed by thermal breeders may far exceed presently
planned expenditures for the development of such reactors.

The primary incentive for pursuing the longer range goal of
establishing a thermal breeder complex of significant size is that such
breeders have lower specific inventories (kg fissile/Mwe) than fast
breeders and comparably low doubling times (~ 10 yrs to double fissile
inventory). Thus thermal breeders would require a smaller total
investment in fissile material to reach the point at which the system
can be sustained on bred material only. The economics of this aspect

of thermal breeders is also analyzed in the last section of this paper.

The Economics of Fuel Utilization

The two nuclear characteristics of a reactor which are important
from the standpoint of the economics fuel utilization are a) fuel
inventory and b) net fuel burnup. The first of these, the fuel inventory,
is the amount of fuel in the reactor and associated fuel processing
plants required to supply a given electrical capacity. This is usually

expressed as kilograms of fissile material per megawatt of electrical



capacity (kg/Mwe) since in most reactor designs, costs associated with
the inventory of fertile material are relatively unimportant. The second
fuel utilization characteristic, net fuel burnup, represents the net
loss (or gain) of fissile material associated with the production of a
given amount of electrical energy. Because this is such a small unit

in terms of kilograms per megawatt hour of electricity, it is convenient
to express net burnup in terms of kilograms fissile per megawatt year
of electricity (1 Mw Yr = 8760 Mw hr = 8.76 x lO6 kwhr). The actual
annual consumption or production of fissile material, of course, depends
on the load factor of the reactor and the net burnup figure must be
corrected accordingly.

The two fuel utilization characteristics just described are
important when comparing the economics of various future nuclear power
systems because first of all, only these two factors will be influenced
by changes in the cost or value of fissile material. Secondly, as
nuclear power systems grow and the individual plants become very large,
construction costs of various types of plants tend to approach one
another. This means that capital costs will not greatly influence
the choice of what kind of system to build. Finally, in large scale
fabrication and processing plants, (i.e. plants handling 5-10 tons per
day of nuclear fuels) unit fuel costs become very low and relatively
insensitive to the type of fuel being handled. Thus, as a first
approximation, an analysis of the economics of fuel utilization should
provide a good indication of the probable long term competitiveness of
various nuclear power systems.

Before considering the fuel utilization of various systems,
however, a few words of caution should be introduced. Although the fuel
utilization characteristics of a reactor type may be a good measure of
its long term merit, reactor designers can vary these characteristics
over a wide range to optimize their system for prevailing or anticipated
economic conditions. Thus, any single measure of the inventory and net
burnup characteristics of a reactor type is not necessarily representative
of that type optimized under other economic ground rules. The following

analysis, therefore, is subject to this limitation.




Fuel Utilization Characteristics of Various Reactor Types

The fuel utilization characteristics of current technology light
water reactors are compared with those of more advanced systems in

Table 1. These data may be converted into short tons of U O8 on the

basis of 3.77 kg U-235 extractable/short ton U308' Corresgonding
separative work requirements of course depend on the degree of enrichment
of the fuel loading. 1In the case of the light water reactors which use
slightly enriched U-235, 110 kg separative work are required per kg
fissile to supply the initial inventory and 180 kg separative work

per kg fissile are required for U-235 makeup. In the case of the
remaining reactors which are fueled with highly enriched U-235 or
recycled fissile material, 240 kg separative work per kg fissile are

required.

Table 1

Fuel Utilization Characteristics of Various Reactor Types

Inventory Net Burnup
Reactor Type kg fissile/Mwve kg fissile/Mwyr

Current Technology Light Water 3.8 0.38
High Temperature Gas Cooled 3.2 0.11
Thorium Fueled Heavy Water 2.1 0.25
Seed Blanket 4.8 0.073
Molten Salt Converter 2.0 0.073
"Westinghouse'" Type Fast Breeder 5.0 - 0.31
Molten Salt Thermal Breeder 1.5 - 0.10

Fuel Requirements of Light Water Reactors

Table 2 gives the amount of uranium required to support a nuclear
industry based solely on light water reactors with the fuel utilization
characteristics given in Table 1. The results are also based on the
recent growth of the nuclear industry projected by the AEC in December
1964 but rounded off so that the incremental additions to the system
during any given five year period follow a smooth curve. Also shown

in Table 2 are the possible costs of the uranium based on (1) use of
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Table 2

Uranium Requirements of Water Reaclors

Installed Nuc- Required Cost of U308

lear Electri- Thousand:s Separative $/lb

city Capacity of Short Work Capacity
Year Thousands of Mwe Tons of U0y Million kg/yr U.S. Only U.S. + Canada
1970 T T 2 8.00 5.00
1975 8 30 6 8.00 5.00
1980 5 90 12 8.00 5.00
1985 175 230 20 8.00 5.00
1990 320 460 34 10.00 5.00
1995 510 810 53 10.00 5.00
2000 TS 1300 5 10.00 10.00
2005 1030 1960 100 30.00 20.00
2010 1360 2790 125 30.00 30.00
2015 1740 3830 1hh 30.00 30.00
2020 2165 5070 163 30.00 30.00
2025 2645 6550 200 30.00 30.00

Table 3

U.S. and Canadian Resources of Uranium

Price Range U.S. Resources Canadian Resources
Per Pound U0 Thousands of Short Thousands of Short
378 Tons U0 T
ons 198 ons U308
5 - 10 300 - 350 650
10 - 15 460
15 - 20 430
10 - 30 700
30 - 50 8000

References: R. L. Faulkner "Fuel Resources and Availability for Civilian
Nuclear Power 196L-200," Geneva Conference P/256 Aug. 196k4.

J. W. Griffith and 8. M. Roscoe, "Canadian Resources of
Uranium and Thorium," Geneva Conference P/2Lk Aug. 196k.



10

U.S. resources only or (2) U.S. plus Canadian resources respectively
as shown in Table 3. It is seen that with light water reactors only,
the price of natural uranium would rise to about $30/lb by about 2010.
What increased uranium costs would do to the price of fully enriched
U-235 and to the corresponding cost of electric power is shown in Table
L.

Applying the data in Tables 2 and 4 to the cumulative nuclear
pover generation anticipated during the next 50 years results in added
power costs of many $ billions as shown in Table 5.

The increased power costs shown in Table 5 are based on the
assumption that separative work costs (i.e., the cost of U-235 enrich-
ment ) will remain unchanged. The separative work capacity of the
existing diffusion plant complex, however, is only about 20 million
kg per year according to unclassified estimates, (Nucleonics, Sept. 1964).
On this basis, three new diffusion plants of about the same capacity as
existing plants will have to be built by the year 2000 and at least one
new plant every five years after that time. If this were done with
private capital, increased costs of money might well cause the cost of
separative work to increase which would make the incremental cost of

power even higher than shown in Table 5.

Table L
Cost of U3O8 U-235 Cost¥* Incremental Added Power
$/1b 2/gram Cost, Mills/kwhr
10 10 0.3
30 20 1.6
>0 30 3.0

*
Based on separative work costs of $22.50/kg.




11

Table 5

Incremental U.S. Nuclear Power Cost
With Light Water Reactors Only

Cumulative Power Added Power
Year Generation - 103 Mwyrs Cost, $ Billions*
1970 16 -
1980 290 -
1990 1610 -
2000 5250 10
2010 12800 100
2020 25600 300

*
Assuming use of U.S5. plus Canadian Resources.

Reduction in Uranium and Seoparative Work Requirements Through
the Introduction of Fast Breeders

It is obvious from the foregoing that because of the added cost of
power which would be experienced by light water type nuclear plants if
low cost sources of uranium become exhausted, there is a tremendous
economic incentive to develop breeders to the point where they can provide
needed fissile material. To really meet the fissile requirement problem,
moreover, such breeders must produce excess fuel at a rate sufficient to
supply fissile inventories for new plants being added to the system and
also to make up for the fissile material consumed in non-breeders.
Indications are that to do this Jjob, breeders should produce new fuel
at an annual rate of about 5% to 10% of their total fissile inventory
(i.e., 20 to 10 year inventory doubling times). Achievement of the lower
doubling time, moreover, has the added attribute that if annual interest
charges on fissile inventories are 10%, sale of bred fuel at its
purchased price would just balance these charges. In other words, the
value or price of fissile material would remain constant. It is
apparent, therefore, that if breeders are inventoried with low cost
fissile material, they can sell bred fuel cheaply, whereas, if they are
inventoried with high cost fissile material they must get high prices

for their bred fuel. Thus the long term price of fissile material
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hinges on what it will cost to supply inventories for the breeders
to the point where they become self sustaining on bred fuel.

Using the projected nuclear power growth figures given in Table 2
and the performance characteristics of a "Westinghouse'" type (Geneva
paper P/August 1964) fast breeder as a basis, the natural uranium
required to support the industry was determined as a function of the
time the breeders are introduced into the system. The results shown
in Figure 1 indicate that introduction of breeders of the given type
by 2000 AD (assume one constructs only breeders after that time) would
limit the total amount of uranium mined for its U-235 content to about
3.6 million tons. But under such conditions, the price of fissile
material would rise to about $20 per gram which is undesirable.
Switching over to this type of breeders by 1990 would not alleviate
the situation as the total amount of mined uranium would still be more
than 2 million tons which exceeds the estimated low cost ($5-lo/lb U308)
resources by a factor of two. Introducing the fast breeders by 1980,
however, does limit the uranium requirement to approximately the
amount that might be available at low cost.

The corresponding separative work capacity to enrich the U-235
that is mined is shown by Figure 2. It is seen that only by introducing
the given type of fast breeder as early as 1980 can one limit the needed
capacity to that which might be satisfied by existing diffusion plants.

The Natural Uranium - D2O - Fast Breeder Complex

An alternative to the early introduction of fast breeders has been
suggested; namely, to build natural uranium heavy water reactors prior
to breeders. This would not only save on the consumption of U-235 but
also provide the plutonium needed to inventory the fast breeders.
Figure 3 shows the influence on ore requirements of replacing light
water reactors with natural uranium heavy water reactors during the
period 1975 to 1990. Two types of fast breeders are considered:
(1) a 16-year doubling time, 5 kg fissile per Mwe design and (2) a 10-
year doubling time, 4 kg fissile per Mwe breeder. It is seen in
Figure 3, that the introduction of heavy water reactors saves about

HO0,000/short tons of mined U308; however, a more important saving
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(i.e., 700,000 short tons of U 08) is achieved by improving the

performance of the fast breedei. The combination of heavy water reactors
followed in 1990 by 1l0-year-doubling-time fast breeders does, however,
appear to limit the mined re-requirement to that which might be available
at low cost.

Influence of High Performance Thermal Breeders on Ore
and Separative Work Requirements

A similar situation exists for developing a self-sustaining

breeder industry based on high performance thermal breeders rather than
fast breeders. In contrast to the high inventory—high breeding gain
characteristics of fast breeders, however, thermal breeders have lower
inventory—lower breeding gain characteristics but approximately the same
doubling times. A switch from water reactors to 15-year-doubling-time
thermal breeders in 1990, however, would alleviate, but not solve, the
fissile shortage problem. As shown in Figure 4, the required amount of
mined uranium would still be about 1.4 million tons. It is doubtful
that such thermal breeders could be developed before 1990, therefore,

earlier cases have not been considered.

The Role of Advanced Thorium Converters

There 1s some indication that advanced thorium converters now being
developed as part of the U.S. Civilian Nuclear Power Program may be a
possible answer to the fissile shortage problem. Such reactors make
considerably better use of mined U-235 than the light water reactors and
if they can be introduced into the industry at an early enough date can
save on fissile counsumption to the point where the high cost U-235 need
never be used. TFigure 4 illustrates this point for four advanced
thorium converters; namely, thorium-fueled heavy water, large seed-
blanket, high temperature gas cooled and molten salt converter. It is
seen that replacement of the water reactors with any one of these reactor
types during the period 1975 to 1990 would limit the requirement for
mined U-235 to that available in low cost ore. Thus, the role of
advanced converters may be that of conserving low cost U-235 such that

enough remains to inventory a self-sustaining breeder industry.
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In order to achieve this role, however, the advance thorium
converters must be able to produce energy more cheaply than light water
reactors. This may seem to be a formidable barrier to their introduction
into the industry. However, because of the more favorable fuel
utilization characteristics of advanced thorium converters, they should
be able to generate electricity around half a mill per kilowatt hour
cheaper than the present types of light water reactors. If no serious
technical problems are encountered in their development, advanced
thorium converters offer the potential of being an economical solution
to the U-235 conservation problem. -

The Economic Incentive for the Early Development and Introduction
of Breeders and Advanced Converters

By applying ore costs and separative work costs to the previously
derived requirements it is now possible to determine the dollar
requirement for mining and for U-235 separation for the various approaches
to a self-sustaining breeder industry. These costs can then be put on a
present worth basis to establish the present economic incentive for the
early introduction of breeders and the earlier introduction of advanced
converters.

Table 6 gives the present worth of future savings in mining
uranium and separating U-235 for a system based solely on advanced
converters followed by thermal breeders. Costs of uranium were taken
as $20/kg and separative work as $25/kg. It is seen in this table that
the present worth (calculated using a 5% discount factor) of introducing
thermal breeders in 1990 compared to 2000 is $6.2 billion. Replacing
water reactors with advanced converters in the period 1975 to 1990
would increase the present worth of future savings to $9.2 billion.

It is apparent on this basis, that a very sizable development program

is justified as a means of achieving these two goals.
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Table 6

Economic Incentive for Early Introduction of
Advanced Converters and Thermal Breeders

Year Thermal Breeder Introduced

Year Advanced 2000 1995 1990
Converter Present Worth of Future Savings
Introduced $ Billions

base case 3.1 6.2
1990 3.3 4.8 -
1985 4.9 6.4 7.8
1980 6.3 7.8 9.2

The Importance of Thorium Resources

In considering the development of thorium fueled converters and
breeders, a question that is often raised is "Are thorium resources
adequate to support & large scale industry based on the use of thorium?"

In answering this question it is important to point out that
thorium does not in itself constitute a nuclear fuel but merely an
indirect source of such fuel. Thus, thorium is not mined for its fissile
content as is natural uranium and future requirements will be consider-
ably lower. Existing designs of thorium converters and thorium breeders
require between 100 kg and 200 kg of thorium per Mwe for initial
inventory of such reactors and an additional 50 kg/Mwe for thorium
consumed during a 30 year plant life. Using these data and the previously
mentioned projected growth of the U.S. nuclear industry as a basis, and
assuming all reactors in the industry are thorium fueled, the future

thorium requirements might be as much as shown in Table T.
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Table 7

Projected Growth of U.S. Nuclear Industry
and Corresponding Thorium Requirements

ThO, Required

Year Ending Mve x 10° ﬁThousandi of Short Tons)
1980 75 20
1990 335 86
2000 730 194
2010 1380 375
2020 2200 660

These projected requirements may be compared with estimated U.S.
resources of thorium shown in Table 8.

It is seen that the low cost domestic reserves of thorium would
not be exhausted before the year 2010 even though the U.S. nulcear power
system consisted solely of thorium based reactors. Using higher cost
thorium, moreover, would not greatly influence the economics of thorium
reactors.

Since world reserves of low cost thorium ore are many times greater
than U.5. resources, it is unlikely that any pressing demand for higher
cost material will be encountered in other parts of the world during

the next half century.
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Table 8

U.S. Thorium Resources - 1981
(Thousand Short Tons ThO,)
&

Price Range

Per Pound ThO,

$5 -
10 -
30 -
50..
100 -

$ 10
30
Py

100

500

Reasonably Assured Possible Additional Total

Resources Resources Resources
a

100 300 400

100 100 200

3,000 7,000b 10,000

8,000 17,000b 25,000

1,000,000 2,OOO,OOOb 3,000,000

aDepends on new discoveries which may yield smaller or larger
reserves than indicated. :

b . . . .
Extensions of known uraniferous (thoraniferous) formations
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